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1. Introduction

The long-term goal of our project is to develop a novel neuroprosthetic device to restore
the functions of the urinary bladder for SCI people without further damaging the nervous system.
Advanced technologies in electrical and computer engineering will be applied to design the
novel neuroprosthetic device. Based on our previous studies [1-4], we propose in this project to
use pudendal nerve stimulation (PNS) and blockade to restore both continence and micturition
after SCI. Our strategy does not require sacral posterior root rhizotomy, preserves the spinal
reflex functions of the bowel and sexual organs, and more importantly provides the opportunity
for SCI people to benefit from any advance in neural regeneration and repair techniques in the
future. During the last 3 years, we have successfully designed and developed a wireless
controlled, wireless charged, small implantable stimulator for pudendal nerve stimulation and/or
block, and tested its functionality in animal experiments using cats. These results have laid the
foundation for us to further design and develop this implantable stimulator into human
application in the future.

2. Keywords
Spinal cord injury, micturition, bladder, stimulator, block
3. Overall Project Summary
During the 3 last years, we have made significant progresses on all 3 tasks proposed in
our original grant applications. Task #1: Design and develop an implantable stimulator to
activate and/or block the pudendal nerves. Task #2: Test the implantable stimulator in awake

chronic SCI animals. Task #3: Data analysis and publishing the results.

Task #1: Design and develop an implantable stimulator to activate and/or block the pudendal

nerves

(a). The design of the implantable stimulator

system
. . . . Left Pudendal N Right Pudendal N
Our previous studies [1-4] in anesthetized ) Een aEeNe EUS |I| ’ ;a e
chronic SCI cats showed that blocking pudendal Elec. #1  Elec. #2 [ Elec. #3
nerves using high-frequency (6-10 kHz) biphasic
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electrical current could relax the external urethral P~

sphincter (EUS) and significantly improve voiding b
efficiency. Meanwhile our studies in animals [2-4]  pressure
also showed that electrical stimulation of pudendal
afferent pathways at different stimulation |
frequencies could either inhibit (1-10 Hz) or excite  Flectrode#2 |
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nerves. During urine storage phase, an implanted
stimulator will activate the pudendal nerve at a
frequency of 1-10 Hz to inhibit bladder activity and
treat the bladder overactivity. When voiding is
intended, the same stimulator will switch the
pudendal nerve stimulation to 20-40 Hz to induce a
strong bladder contraction, and at the same time it
will also apply 6-10 kHz stimulation bilaterally to
block pudendal nerve conduction, relax EUS, and
prevent detrusor sphincter dyssynergia (see Fig.1).
Using large laboratory equipment and computer to
generate the required stimulation waveforms, we
have successfully tested this novel pudendal nerve
stimulation strategy in anesthetized chronic SCI cats
and published the results [2-4].

This grant is aimed at developing a small
implantable stimulator to further test our stimulation
methods in awake chronic SCI cats, providing
preclinical evidence and equipment support for a
future clinical trial. We propose to develop a small
stimulator (see Fig.2) that can be implanted on the
back of a cat, while the output channels of the
stimulator are controlled wirelessly via an external
controller that receives commands and stimulation
parameters from a computer running a control
program. In addition, the implantable stimulator has
to be wirelessly charged across the skin so that it
can be powered continuously for a long-term
chronic application. Fig.3 shows our final design of
the implantable stimulator which includes an

wireless implanted
communication stimwl/
Antenna H ))> <((

Control Box

Control
Program

pudendal neres

USB cable

Figure 2: Wireless control system for the implanted

stimulator.
External Control Device
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“tTtEir 9 Power Amplifier
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Figure 3: The proposed neuroprosthetic device.

implanted stimulator, an external control device, and an external charging device. This final
report will summarize our development of the implantable stimulator as shown in Figs.1-3.

(b). The development of the implantable stimulator
system

With the DOD grant support, we were able
to develop the wireless controlled, wireless charged,
small implantable stimulator in the last 3 years. We
have gone through several design and development
circles to identify the problems and improve the
stimulator design. The first prototype of the
implantable stimulator is shown in Fig.4. The
purpose of this first prototype is to determine: (1)
the effectiveness of the transcutaneous wireless

Figure 4: The fi

rst prototype of

the implantable stimulator.
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communication, and (2) whether the output A gjadder inhibition by 5 Hz stimulation

power amplifiers are strong enough to
activate or block the pudendal nerve.
Preliminary tests were performed by

Start infusion

v

d____a—.-_z‘u’u“'v'i \,“ 2min
implanting the stimulator underneath the 4 Stop infusion
skin (Fig.2) in 3 anesthetized cats with the )

output channels connected to 3 electrodes as e

Al
i
[N}

90 cmH,0

L

Stop infusion

shown in Fig.1. Via wireless communication
the computer program  successfully
controlled the implanted stimulator that Start infusion
delivered 5 Hz, 20 Hz, and 10 kHz electrical v
pulses to the pudendal nerves (Fig.5). The
output power amplifiers generated enough
electrical currents to significantly increase
bladder capacity with 5 Hz pudendal nerve
stimulation (Fig.5A), and induce efficient

Bladder
Pressure

5Hz,4V,0.2ms
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Efficient
woiding
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|
stop / 20 Hz, 0.6V, 0.2 ms

10 kHz, 6 V

Voided
Volume

(88%) low pressure (<40 cmH,0) voiding

Wlth 20 HZ Stimulation Combined Wlth 10 Figure 5: The wireless controlled implantable stimulator success

stimulation to inhibit micturition reflex (A). It also generated 10 k

kHz nerve block (Fig.SB). This first together with 20 Hz stimulation, and induced efficient voiding of 88% (B).

prototype is powered by 2 button batteries
(see Fig.4) that are not rechargeable.

Fig.6 shows our second prototype of the implantable
stimulator with wireless charging ability. This second
prototype includes a small (4x 5.5 x 1.4 cm) implantable
stimulator that can be wirelessly controlled by an external
USB controller (see Fig.6). This small implantable
stimulator can also be charged externally through a wireless
charging device (not shown in Fig.2). We also developed
the software for computer to send control signal via the
USB controller to wirelessly control the 3 output channels
of the implantable stimulator. One channel provides the low
frequency output (1-100 Hz, 0-11 V) for bladder inhibition
or excitation (i.e. channel #1 in Fig.1). The other 2 channels
provide the high frequency output (5k-20k Hz, 0-11 V) for
pudendal nerve block (i.e. channels #2-3 in Fig.1). We have

B. Voiding induced by 20 Hz stimulation and bilateral 10 kHz block

40 cm H,O
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fully delivered 5 Hz
Hz blocking stimulation

Implantable Stimulator

USB Controller

Figure 6: The implantable stimulator and

USB controller.
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Figure 7: Efficient voiding induced in anesthetized cats by the implantable stimulator.
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successfully tested this implantable stimulator in 6 anesthetized cats. Efficient voiding (>80%,
Fig.7) was induced in the 6 cats by wireless control through the USB controller using a
computer. Fig.7 (left) shows that 10 kHz pudendal nerve block combined with 20 Hz pudendal
nerve stimulation induced efficient voiding (88%) in an anesthetized cat, while Fig.7 (right)
shows the summarized results from the 6 cats.

However, when we implanted
this second prototype of the stimulator
as shown in Fig.6 in awake freely
moving chronic SCI cats, we
encountered following problems: 1.
failure to recharge the battery in one
animal; 2. failure to block the
pudendal nerve and failure to recharge
the battery in another animal. We
found that the charging circuit of the
stimulator could generate heat to
increase the surface temperature of the
Li-ion rechargeable battery to about 45
°C. At this temperature, most Li-ion
rechargeable battery will be damaged.
To fix this problem, we have re-
designed the packaging method so that
the stimulator circuits and the
rechargeable battery were separately
packaged (see Fig.8A). We also found
that the failure to block the pudendal
nerve was due to the interaction
between the low frequency and the
high frequency channels, because we

A. Implantable Stimulator

¥Cuff Electrode #1
(Stim. A)

:>Cuff Electrode #2/#3

(Stim. B1/B2)
Stimulator
3
o
i<
Q
(&]
o
Battery -}

B. Experimental Setup

KIDNEY —
URETER =
‘omasen ExTEa—L Y &

Blocking Stimulation

QUL
S

Tripolar Cuff
Blectrode

URINARY
BLADDER

used a single cuff electrode with 5
leads to deliver both low and high | s
frequency stimulations to the pudendal
nerve. To solve this problem, we now h -
used 2 separate cuff electrodes (one \J :
bipolar and one tripolar, i.e., the ”Nde”da' Stim . B2
lerve  (blocking)

electrode #1 and #2 in Fig.8A) to
deliver the low and high frequency 6
stimulations and implanted the 2 cuff
electrodes on the pudendal nerve at
least 1 cm apart (see Stim. A and Stim.
B1 in Fig.8B). In order to make sure
that these problems are now solved, we tested the new design in 5 cats under anesthesia. These
tests are mainly designed to confirm the functionality of the re-designed stimulator before we
move forward to implant it in awake SCI cats for chronic testing.

Fig.8A shows a picture of the re-designed implantable stimulator (dimensions:
5.6x4.0x0.8 cm) connected to a rechargeable battery (3.7 V and 900 mAh; dimensions:

f| mFusion

Stim.A  Stim.B1

(exciting) (blocking) PENIS

Fig.8. The implantable stimulator (A) and the locations of cuff electrodes
implanted on the pudendal nerves in the cat (B). EUS — External Urethral
Sphincter.
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5.4x3.6x0.6 cm). The stimulator has 2 output channels providing charge-balanced rectangular
pulses (1-100 Hz, 0-11 V, 0.05-0.2 ms) to the bipolar cuff electrode #1 (i.e., Stim. A in Fig.8B)
and a high frequency (5-20 kHz, 0-11 V) biphasic square waveform (see Fig.8B) to the tripolar
cuff electrodes #2 and #3 (i.e., Stim. Bl and B2 in Fig.8B). The stimulator can be wireless
controlled within a 2-meter distance by a USB controller that is connected to a USB port of a
portable computer (the computer is not shown). The computer software can set stimulation

parameters for each output channel
and turn on/off each channel by
wireless communication between the
implanted stimulator and the USB
controller. The stimulator and battery
are implanted underneath the skin on
the left side of the lower back of the
cat along the sacral spine (see Fig.2).
The battery can be charged by the
charging circuitry in the stimulator
that can be powered wirelessly across
the skin by an external charging coil.
At the beginning of each experiment,
the battery was fully charged from 2.8
V to 3.7 V in about 15-20 minutes
and it could run for the entire
experiment (5-6 hours) with repeated
stimulation. After removing the
stimulator and battery from the animal
at the end of experiment, the battery
power lasted for about 2-3 days before
the stimulator stopped functioning and
lost communication with the USB
controller due to a low battery level
(<2.8 V). Although the stimulator was
not used to stimulate/block the
pudendal nerve once it was removed
from the animal, it is estimated that
the battery should still be able to
power the stimulator for the same
amount of time (2-3 days) if it were
used for pudendal nerve stimulation
(PNS) and/or block. This is because
the electrical power wused by
PNS/block is only a very small
portion of the total power
consumption by the electrical circuits
including wireless communication,
microprocessor, and the output
amplifiers. Therefore, it is expected

A. Intensity
Stim. B1

0.5V Vv 2V 4v 6V 8V 1oV
Stim. B2

0.5V v 2v 4v 9% 8v 1oV

B. Frequency

50 cmH,0

L

100sec

Stim. B1

5kHz

6kHz 8kHz 10kHz 15kHz 20kHz

Stim. B2

5kHz 6kHz 8kHz 10kHz 15kHz 20kHz

Fig.9. Urethral pressure induced by the high frequency biphasic electrical stimulation
applied bilaterally on the pudendal nerves. A. Different intensities at 10 kHz frequency.
B. Different frequencies at 6 V intensity. The urethral infusion rate is 1 m/min. The
black bars under the pressure traces indicate the stimulation duration.
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Fig.10. Urethral pressure measured at the end of high frequency biphasic electrical
stimulation. A. Different intensities at 10 kHz frequency. B. Different fiequencies at 6-10V
intensity. N =5 cats. The inserted figure in A shows the time point for urethral pressure
measurement.
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that the implantable stimulator will continuously function after chronic implantation in SCI cats
as long as we continue to charge it for 15-20 minutes every day.

A total of 5 cats were used to test this stimulator under anesthetized condition. Fig.8B
shows the experimental setup. The temperature of the animal was maintained at 35 °C to 37 °C
using a heating pad. The ureters were cut and drained externally. A double lumen catheter (5F)
was inserted into the bladder through a small incision in the proximal urethra and secured by a
ligature (Fig.8B). One lumen of the catheter was attached to a pump to infuse the bladder with
saline, and the other lumen was connected to a pressure transducer to monitor the bladder
activity. Another catheter (5F) was also inserted at the same site in the proximal urethra but
directed toward the distal urethra and secured by a ligature (Fig.8B). This catheter was attached
to an infusion pump and to a pressure transducer via a T connector. The pudendal nerves were
accessed posteriorly in the sciatic notch lateral to the tail. The three cuff electrodes
(NCE112/113, MicroProbes Inc., Gaithersburg, MD) as shown in Fig.8A were tunneled
underneath the skin from the stimulator to the exposed pudendal nerves and were placed around
the left and right pudendal nerves as shown in Fig.8B. After implanting the stimulator, the
battery, and the cuff electrodes, the muscle and skin were closed by sutures.

Pudendal nerve block by high frequency biphasic stimulation: The high frequency
biphasic PNS waveform generated by the implanted stimulator successfully blocked pudendal
nerve conduction and eliminated the PNS evoked EUS contraction when applied bilaterally on
the pudendal nerves (Figs.9-12). The high frequency biphasic PNS applied bilaterally at 10 kHz
for 60 sec at locations Stim. B1 and Stim. B2 (Fig.8B) activated the pudendal nerves, induced a
strong EUS contraction, and caused large increases in urethral pressure at intensities of 0.5-2 V
(Fig.9A and Fig.10A). However, as the intensity was increased the urethral pressure response

2 3
2 T
A £ A 5
S 50 sec ‘% 50 sec
. Stim. A
Stm. A OHz.2v,0.2ms 20Hz,2V,0.2ms 20Hz,2V,0.2ms
. Stim. B1
Stim. B1 10kHz,6V
10kHz 6V .
. Stim. B2
Stim. B2 10kHz,6V
10kHz 6V
B
100+
o
B o 2 —
é 100 e — § 80
€ 80- e
o~ T E 604
= =
< g 60+ o ON 404
B Q, 2
5T 401 g
— 40 g 204
% 20_ g
o < 0 ‘ —_—
z 0 OFF ON
OFF ON Block Stimulation
Block Stimulation Fig.12. High frequency biphasic stimulation blocked the
pudendal nerves and completely reduced the urethral
Fig.11. High frequency biphasic electrical stimulation blocked the pudendal pressure induced by pudendal nerve stimulation. A. High
nerves and eliminated the urethral pressure increase induced by pudendal frequency stimulation delivered to Stim. Bl and Stim. B2
nerve stimulation. A. High frequency stimulation delivered to Stim. Bl and (see Fig.1B) completely reduced the urethral pressure
Stim. B2 (see Fig.1B) completely blocked the urethral pressure increase induced by Stim. A. The black bars under pressure trace
induced by Stim. A. The black bars under pressure trace indicate the indicate the stimulation duration. B. Average urethral
stimulation duration. B. Average urethral pressure measured during Stim. A pressure induced by Stim. A when the high frequency
when the high frequency stimulation was either on or off. Stim. A: frequency stimulation was either on or off. Stim. A: frequency 20 Hz,
20 Hz, pulse width 0.2 ms, intensity 2-5 V. Stim. B1/B2: frequency 6-15 kHz, pulse width 0.2 ms, intensity 2-5 V. Stim. B1/B2:
intensity 6-10 V. N=15 cats. frequency 6-15kHz, intensity 6-10 V. N =4 cats.
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gradually decreased in amplitude and duration, and became minimal (<5 cmH,0) at the end of
the 60 second high frequency stimulation when the intensity was 6-10 V (Fig.9A and Fig.10A).
Within this range of intensities (6-10 V), the high frequency biphasic PNS also generated large
urethral pressure responses at frequencies below 6 kHz, but the response was minimal (<5
cmH,0) at the end of the 60 second stimulation once the frequency was increased above 6 kHz
(Fig.9B and Fig.10B).

In order to show that the high frequency biphasic PNS blocked pudendal nerve
conduction when the urethral pressure response was diminished at the end of the 60 second
stimulation, a 20 Hz PNS (2-5 V, 0.2 ms) was applied at Stim. A (Fig.8B) central to the high
frequency stimulation site to induce a maximal (70-100 cmH,0O) urethral pressure response
(Fig.11 and Fig.12). This urethral response was completely blocked by the high frequency
biphasic PNS (6-15 kHz, 6-10 V) (Fig.11 and Fig.12). The pudendal nerve conduction recovered
quickly from the block once the high frequency PNS was terminated (Fig.12A).

Bladder excitation or inhibition by PNS: The implanted stimulator also generated
rectangular pulses at the cuff electrode #1 (at Stim. A in Fig.8 A and B) that reflexively excited
or inhibited the bladder depending on the frequency of stimulation (Fig.13 and Fig.14). Several
CMGs were performed in each animal to determine the bladder capacity. In one group of
experiments, 20-30 Hz PNS (2-8 V, 0.2 ms) induced a large amplitude (45.9+13.4 to 52.0+£22
cmH,0) sustained bladder contraction (Fig.13) when the bladder was filled to 90% of capacity.
When the frequency was changed to 5 Hz, PNS (2-5 V, 0.2 ms) applied during CMG inhibited
reflex micturition and significantly (P<0.05)

Start
increased bladder capacity to 176.5 + 27.1% A '“MU
of the control capacity (8.2+1.9 ml) (Fig.14). | & l—n
During the last 3 years, we designed, """ Fstop nfusion
developed, and successfully tested the
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Fig.14. Bladder inhibition induced by 5 Hz pudendal nerve

Fig.13. Bladder contraction induced by pudendal nerve stimulation. A. Repeate.d CMG recor-dings.. The bla_Ck bar
stimulation at different frequencies. A. Bladder pressure trace. under the CMG trace indicate the stimulation duration. B.
The black bars under pressure trace indicate the stimulation Normalized bladder capacity measured during different CMGs.
duration. B. Normalized area under bladder pressure curve The capacity was normalized to the measurement from control
during stimulation. The area under curve was normalized to 1 CMG. * indicates significantly different from the control 1.
the maximal response in each animal. Stim. A: frequency 20 Stimulation: frequency 5 Hz, pulse width 0.2 ms, intensity 2-5
Hz, pulse width 0.2 ms, intensity 2-8 V. N =5 cats. V. N =4 cats.
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implantable stimulator that can now provide the required stimulation waveforms (see Fig.1) to:
1) block pudendal nerve conduction and relax the EUS (Figs.9-12), 2) induce a large sustained
reflex bladder contraction (Fig.13), or 3) inhibit reflex bladder activity (Fig.14). These in vivo
experiments in anesthetized cats establish the effectiveness of the implantable stimulator as well
as the stimulation parameters.

Task #2: Test the implantable stimulator in awake chronic SCI animals

We have tested the implantable stimulator in 3 chronic SCI cats under awake conditions.
After 2-3 month SCI, the cats were implanted with the pudendal nerve stimulator as shown in
Figs.1-2. Then the stimulation tests were performed in the following 2-4 weeks. Under awake
conditions, the bladder of chronic SCI cats was catheterized via the urethra using a double lumen
balloon catheter with the balloon distended at the bladder neck to prevent leakage. Sterile saline
was infused into the bladder via one lumen, and the bladder pressure was recorded via the other
lumen. Starting from bladder empty, a cystometrogram (CMG) was performed with a slow
infusion of the bladder (2-5 ml/min) while the cats sited quietly in a padded standard cat
transportation carrier. The infusion was stopped once the large amplitude, long-duration
micturition contraction was induced (see Fig.16) which was usually accompanied with hindlimb
stepping movements in awake SCI animals. During the voiding experiments, the animals were
lying on a table without a urethral catheter. A funnel was used to collect the voided urine. The
initial bladder volume was the volume remaining in the bladder overnight or during the day.
After stimulation induced voiding, the voided volume was recorded. Then, a small (3.5F) Tom
cat catheter was inserted via the urethra into the bladder to withdraw the residual volume. The
voiding efficiency was
calculated using the
voided volume divided
by the initial volume.

With the

40 cmH,0

100 sec

_ mme e = = — — —— [
implantable stimulator, 30 Hz 20 Hz 50 Hz 10Hz 40 Hz 40Hz  40Hz 40Hz
5V 5V 5V 5V 5V 6V 7V 4V
we are now able to
confirm that the Fig.15. Bladder contractions induced by pudendal nerve stimulation at different

frequencies and intensities in chronic SCI cat under awake conditions.

Hindlimb
‘ 100 sec

frequency response in
awake SCI cats is same
as what was discovered
in the anesthetized SCI ISta.”
. nfusion
cats. The most effective
stimulation frequency to

Movement

40 cmH,0O

induce a strong,
sustaqu ' bladder ¢ Stop Infusion
contraction is between

20-50 Hz with frequency
below 10 Hz to be

Stop Infusion

ineffective (see Fig.15).
Meanwhile, at  the
effective frequency of
40 Hz the stimulation

5Hz, 0.2ms,2V

Fig.16. Pudendal nerve stimulation at 5 Hz suppressed the non-voiding
contractions during slow infusion of the bladder in chronic SCI cat under awake
conditions.

Page 8



intensity must be
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successfully suppress Fig.17. Voiding efficiency, voided volume, and residual volume induced by
the . bladder implantable stimulator in chronic SCI cat under awake conditions.
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eliminate the non-voiding contractions during slow infusion of the bladder, i.e. during the storage
phase (Fig.16). Voiding test was performed twice per day in the morning and in the afternoon for
a 2-week period. The implanted stimulator induced voiding of average efficiency 89.4+2.1% in
the morning and 73.1+4.2% in the afternoon (Fig.17). Since the residual volume is almost the
same in the morning and in the afternoon (4.6+0.8 ml v.s. 4.6+0.7 ml), the difference between
voiding efficiencies in the morning and afternoon is mainly caused by the total amount of urine
accumulation in the bladder in the morning (39.2+2.0 ml) or afternoon (13.1£1.6 ml), not by the
ineffectiveness of the stimulator.

Task #3: Data analysis and publishing the results

We have analyzed the data obtained from animal experiments. In addition, we also
performed computer modelling studies in order to understand the possible mechanisms of
pudendal nerve stimulation/block. Our studies in the past 3 years have results in three
publications (2 published papers and 1 submitted manuscript), four conference abstracts, and two
invited presentations (1 international and 1 national). Please see section 6 and the appendices for
details.

4. Key Research Accomplishments

e Successfully designed (Figs.1-3) and developed (Figs.4-14) a wireless charged, wireless
controlled, small implantable stimulator to activate or block the pudendal nerves in cats.

e Tested the implantable pudendal nerve stimulator in chronic SCI cats under awake conditions
(Figs.15-17).

e Confirmed the frequency response of pudendal nerve stimulation in chronic SCI cats under
awake conditions without any influence of anesthesia. Low frequency (5 Hz) is inhibitory
while high frequency (20-50 Hz) is excitatory (Figs.15-17), which is the foundation for our
strategy (Fig.1) to be successful in restoring bladder function after SCI.

5. Conclusion

We have successfully developed a wireless controlled, wireless charged, small
implantable stimulator for pudnedal nerve stimulation and block and successfully tested it in
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cats. The results indicate that our pudendal nerve stimulation strategy (Fig.1) can be
implemented using a fully implantable device with current technologies including wireless
control and wireless charging technologies. These animal studies provided the scientific evidence
to support further development of our strategy into human application. The success of our project
will create a novel implantable neuroprosthesis to restore both continence and micturition
functions for SCI people. It will fundamentally change the current medical treatments for the
lower urinary tract dysfunctions after SCI. Daily urethral catheterization will not be the norm for
SCI. Frequent infection of the lower urinary tract will be eliminated. The quality of life will be
improved greatly for both SCI people and their family.

6. Publications, Abstracts, and Presentations

Peer-Reviewed Scientific Journals

[1] Guangning Yang, Jicheng Wang, Bing Shen, James R. Roppolo, William C. de Groat,
Changfeng Tai, “Pudendal nerve stimulation and block by a wireless controlled implantable
stimulator in cats”, Neuromodulation, 17: 490-496, 2014.

[2] Shouguo Zhao, Guangning Yang, Jicheng Wang, James R. Roppolo, William C. de Groat,
Changfeng Tai, “Effect of non-symmetric waveform on conduction block induced by high-
frequency (kHz) biphasic stimulation in unmyelinated axon”, Journal of Computational
Neuroscience, 37: 377-386, 2014.

Manuscript Submitted

[1] Shouguo Zhao, Guangning Yang, Jicheng Wang, James R. Roppolo, William C. de Groat,
Changfeng Tai. “Conduction block in myelinated axons induced by high-frequency (kHz)
non-symmetric biphasic stimulation”. Medical & Biological Engineering & Computing,
2014, submitted.

Abstracts

[1] Guangning Yang, Jicheng Wang, Bing Shen, James R. Roppolo, William C. de Groat,
Changfeng Tai. “Pudendal nerve stimulation and block by a wireless-controlled implantable
stimulator in cats”. Military Health Service Research Symposium (MHSRS), Fort
Lauderdale, FL, 2014.

[2] Guangning Yang, Jicheng Wang, James R. Roppolo, William C. de Groat, Changfeng Tai,
“Simulation analysis of conduction block in unmyelinated axon after high-frequency
electrical stimulation”. 43nd Annual Meeting of Society for Neuroscience, San Diego, 2013.

[3] Changfeng Tai, “An implantable neuroprosthetic device to restore bladder function after

SCTI”. Military Health System Research Symposium (MHSRS), Fort Lauderdale, Florida,
2012
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[4] Jicheng Wang, Shouguo Zhao, James R. Roppolo, William C. de Groat, Changfeng Tai,
“Mechanisms underlying non-monotonic block of unmyelinated axons by high-frequency
biphasic stimulation”. 42nd Annual Meeting of Society for Neuroscience, New Orleans,
2012.

Presentations / Invited Speakers

[1] A Novel Neuroprothesis to Restore Micturition and Continence after SCI
Symposium: Spinal Cord Injury and Tissue Regeneration Center Salzburg
Paracelsus Medical University
Salzburg, Austria, June, 2014

[2] Extra-Cellular Electrical Stimulation
State of the Science Symposium: Regenerative Medicine for Wounded, Injured, and Ill
Veterans
Uniformed Services University of the Health Science
Walter Reed National Military Medical Center
Bethesda, MD, June, 2014

7. Inventions, Patents and Licenses

Nothing to report.

8. Reportable Outcomes

The wireless controlled, wireless charged, small stimulator suitable for implantation in

cats is the reportable outcome of this grant support (see Fig.8A). This small implantable
stimulator is now available in our lab and can be commercialized for other research purposes.

9. Other Achievements
Nothing to report.
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Pudendal Nerve Stimulation and Block by a
Wireless-Controlled Implantable Stimulator

in Cats

Guangning Yang, BS*; Jicheng Wang, PhD*; Bing Shen, DVM¥*;

James R. Roppolo, PhD*; William C. de Groat, PhD*; Changfeng Tai, PhD**

Objective: The study aims to determine the functionality of a wireless-controlled implantable stimulator designed for stimulation
and block of the pudendal nerve.

Materials and Methods: In five cats under a-chloralose anesthesia, the stimulator was implanted underneath the skin on the left
side in the lower back along the sacral spine. Two tripolar cuff electrodes were implanted bilaterally on the pudendal nerves in
addition to one bipolar cuff electrode that was implanted on the left side central to the tripolar cuff electrode. The stimulator
provided high-frequency (5-20 kHz) biphasic stimulation waveforms to the two tripolar electrodes and low-frequency (1-100 Hz)
rectangular pulses to the bipolar electrode. Bladder and urethral pressures were measured to determine the effects of pudendal
nerve stimulation (PNS) or block.

Results: The maximal (70-100 cmH,0) urethral pressure generated by 20-Hz PNS applied via the bipolar electrode was com-
pletely eliminated by the pudendal nerve block induced by the high-frequency stimulation (6-15 kHz, 6-10 V) applied via the two
tripolar electrodes. In a partially filled bladder, 20-30 Hz PNS (2-8 V, 0.2 ms) but not 5 Hz stimulation applied via the bipolar
electrode elicited a large sustained bladder contraction (45.9 + 13.4 to 52.0 £ 22 cmH,0). During cystometry, the 5Hz PNS
significantly (p < 0.05) increased bladder capacity to 176.5 + 27.1% of control capacity.

Conclusions: The wireless-controlled implantable stimulator successfully generated the required waveforms for stimulation and

block of pudendal nerve, which will be useful for restoring bladder functions after spinal cord injury.

Keywords: Block, cat, pudendal nerve, spinal cord injury, stimulation
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INTRODUCTION

After spinal cord injury (SCI) above the lumbosacral level, the
coordinated action between bladder and external urethral sphinc-
ter (EUS) disappears (1). Instead, the bladder and EUS contract
simultaneously (termed detrusor sphincter dyssynergia or DSD),
which generates high bladder pressure, prevents complete elimina-
tion of urine, and requires daily urethral catheterization (1,2). High
bladder pressure can cause vesicoureteral reflux and renal failure in
the long term. Frequent urethral catheterization can cause low
urinary tract infection (2). In addition, detrusor overactivity (DO)
induces poor bladder storage function and frequent incontinence
(1,2). Currently, no medication can treat both DSD and DO. However,
in the 1970s, Brindley and his team developed an implantable sacral
anterior root stimulator to restore bladder function after SCI. This
system is now commercially available (Finetech Medical Limited,
Welwyn Garden City, Hertfordshire, UK) and has been implanted in
more than 2000 SCI persons around the world (3). It requires sacral
posterior root rhizotomy to prevent DO and DSD, which is destruc-
tive and irreversible and results in the loss of reflex sexual and def-
ecation functions (3).

Our previous studies (4-6) in chronic SCI cats under anesthesia
have revealed a frequency-dependent pudendal-to-bladder spinal
reflex. Pudendal nerve stimulation (PNS) at 5 Hz can inhibit reflex

bladder activity and increase bladder capacity, but at 20 Hz it can
excite the bladder and induce a large bladder contraction (4-6). In
addition, our previous studies (7-9) in cats have shown that high-
frequency (>6 kHz) biphasic stimulation can block the pudendal
nerve and completely relax the EUS. When the 20 Hz PNS was com-
bined with high-frequency pudendal nerve block in anesthetized
chronic SCI cats, a large bladder contraction was induced simulta-
neously with an EUS relaxation, resulting in efficient voiding (10).
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WIRELESS-CONTROLLED PUDENDAL NERVE STIMULATOR
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Figure 1. The implantable stimulator (a) and the locations of cuff electrodes implanted on the pudendal nerves in the cat (b). EUS—external urethral sphincter.

These results indicate that both micturition and continence func-
tions could be restored after SCI by stimulation and block of the
pudendal nerve, which will not require a dorsal root rhizotomy and
thereby preserving the residual reflexes for bowel and sexual func-
tions after SCI.

However, to test the stimulation/block strategy in a future clinical
trial to restore bladder functions after SCI, an implantable stimulator
is needed to generate the required 5 Hz and 20 Hz PNS as well as the
high-frequency (>6 kHz) biphasic waveform for pudendal nerve
block. Currently, such an implantable stimulator is not commercially
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Figure 2. Urethral pressure induced by the high-frequency biphasic electrical stimulation applied bilaterally to the pudendal nerves. (a) Different intensities at
10 kHz frequency. (b) Different frequencies at 6 V intensity. The urethral infusion rate is 1 mL/min. The black bars under the pressure traces indicate the stimulation
duration. The calibration bars are for both (a) and (b). The Y-calibration bar indicates the urethral pressure in 50 cmH,O and the X-calibration bar indicates the time

in 100 sec.

available. Therefore, in this study we designed and constructed a
small, wireless-controlled, battery-powered, implantable stimulator,
and showed in anesthetized cats that it can generate the required
stimulation waveforms to reflexively excite or inhibit the bladder
and block axonal conduction in the pudendal nerve. This study
represents the first step in developing a device for future testing in
awake chronic SCI animals, and eventually in SCI human subjects.

MATERIALS AND METHODS

The Animal Care and Use Committee at the University of Pitts-
burgh approved all protocols involving the use of animals in this
study. Figure 1a shows a picture of the implantable stimulator
(dimensions: 5.6 x 4.0 x 0.8 cm) connected to a rechargeable battery
(3.7 V and 900 mAh; dimensions: 5.4 x 3.6 x 0.6 cm). The stimulator
has two output channels providing charge-balanced rectangular
pulses (1-100 Hz, 0-11V, 0.05-0.2 ms) to the bipolar cuff electrode
#1 (i.e., Stim. A in Fig. 1b) and a high-frequency (5-20 kHz, 0-11 V)
biphasic square waveform (see Fig. 1b) to the tripolar cuff elec-
trodes #2 and #3 (i.e,, Stim. B1 and B2 in Fig. 1b). The stimulator can
be wireless controlled within a two-meter distance by a USB con-
troller that is connected to a USB port of a portable computer (the
computer is not shown). The computer software can set stimulation
parameters for each output channel and turn on/off each channel
by wireless communication between the implanted stimulator and
the USB controller. The stimulator and battery are implanted under-
neath the skin on the left side of the lower back of the cat along the
sacral spine. The battery can be charged by the charging circuitry in
the stimulator that can be powered wirelessly across the skin by an
external charging coil (not shown). At the beginning of each experi-
ment, the battery was fully charged from 2.8V to 3.7V in about
15-20 min and it could be run for the entire experiment (five to six
hours) with repeated stimulation. At the end of the experiment, the
battery, stimulator, and electrodes were removed from the animal.

A total of five cats (three females and two males, 2.9 to 3.3 kg)
were used in this study. Isoflurane (2-5% in O,) was used to anes-
thetize the animals during surgery and then replaced by
o-chloralose anesthesia (65mg/kg iv. and supplemented as
needed) during data collection. The temperature of the animal was
maintained at 35°C to 37°C using a heating pad. The ureters were cut
and drained externally in order to accurately measure the bladder
capacity when bladder was infused through a catheter in the
urethra. A double lumen catheter (5F) was inserted into the bladder
through a small incision in the proximal urethra and secured by a
ligature (Fig. 1b). One lumen of the catheter was attached to a pump
to infuse the bladder with saline, and the other lumen was con-
nected to a pressure transducer to monitor the bladder activity.
Another catheter (5F) was also inserted at the same site in the proxi-
mal urethra but directed toward the distal urethra and secured by a
ligature (Fig. 1b). This catheter was attached to an infusion pump
and to a pressure transducer via a T connector. The pudendal nerves
were accessed posteriorly in the sciatic notch lateral to the tail. The
three cuff electrodes (NCE112/113, MicroProbes Inc., Gaithersburg,
MD, USA), as shown in Figure 1a, were tunneled underneath the skin
from the stimulator to the exposed pudendal nerves and were
placed around the left and right pudendal nerves as shown in
Figure 1b. After implanting the stimulator, the battery, and the cuff
electrodes, the muscle and skin were closed by sutures.

Three tests were performed in this study to determine the ability
for the implanted stimulator to 1) block the pudendal nerve; 2)
induce large bladder contraction; or 3) inhibit the micturition
reflex. In the first test (N = 5 cats), the urethra was infused continu-
ously with saline at a rate of 1-2 mL/min. Back pressure in the ure-
thral perfusion system caused by EUS contraction was recorded via
the pressure transducer (Fig. 1b). First, the high-frequency biphasic
PNS at 10 kHz was applied to both Stim. A and Stim. B sites (see
Fig. 1b) at different intensities (0.5-10 V) to determine the effective
intensities for pudendal nerve block. Then, using an intensity effec-
tive in blocking the nerve at 10kHz, different frequencies
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(5-20 kHz) were tested to determine the threshold and optimal fre-
quencies for pudendal nerve block. Finally, the high-frequency
biphasic stimulation determined to be effective in blocking the
pudendal nerve conduction was applied to block the maximal EUS
contraction induced by the 20 Hz PNS applied at Stim. A (Fig. 1b).
In the second test (N =5 cats), a cystometrogram (CMG) was per-
formed to determine the bladder capacity (i.e., the volume neces-
sary to induce a large micturition contraction, > 30 cm H,0). Then
the bladder was infused to about 90% of its capacity and PNS
(2-8V, 0.2 ms) of different frequencies (5-40 Hz) was applied at
Stim. A (Fig. 1b) to determine the optimal frequency for inducing a
large (>30 cmH,0) bladder contraction. In the third test (N = 4 cats),
repeated CMGs were performed to determine the bladder capacity.
Each CMG consisted of a slow infusion of saline (1-2 mL/min) start-
ing with an empty bladder until the first micturition contraction
occurred. Initially, two or three control CMGs were performed
without PNS to determine the control bladder capacity and evalu-
ate reproducibility. Then PNS (5 Hz, 2-5V, 0.2 ms) was applied at
Stim. A (Fig. 1b) during the CMG to increase bladder capacity. A
control CMG without stimulation was also performed after the PNS
CMG.

To quantify the PNS inhibitory effect, the bladder capacity mea-
sured during each CMG was normalized to the measurement during
the first control CMG. Bladder contraction amplitude and area under
bladder contraction curve were measured to determine the excit-
atory PNS effect. Urethral pressure induced by 20 Hz PNS was mea-
sured to determine the effect of high-frequency block. The data
from different animals are presented as mean * standard error. One-
way ANOVA followed by Dunnett multiple comparison was used to
detect statistical significance (p < 0.05).

RESULTS

Pudendal Nerve Block by High-Frequency
Biphasic Stimulation

The high-frequency biphasic PNS waveform generated by the
implanted stimulator successfully blocked pudendal nerve conduc-
tion and eliminated the PNS-evoked EUS contraction when applied
bilaterally on the pudendal nerves (Figs. 2-5). The high-frequency
biphasic PNS applied bilaterally at 10 kHz for 60 sec at locations
Stim. B1 and Stim. B2 (Fig. 1b) activated the pudendal nerves,
induced a strong EUS contraction, and caused large increases in
urethral pressure at intensities of 0.5-2 V (Figs. 2a and 3a). However,
as the intensity was increased, the urethral pressure response
gradually decreased in amplitude and duration, and became
minimal (<5 cmH,0) at the end of the 60-sec high-frequency stimu-
lation when the intensity was 6-10V (Figs. 2a and 3a). Within this
range of intensities (6-10 V), the high-frequency biphasic PNS gen-
erated large urethral pressure responses at frequencies below 6 kHz,
but the response was minimal (<5 cmH,0) at the end of the 60-sec
stimulation once the frequency was increased above 6 kHz (Figs. 2b
and 3b).

In order to show that the high-frequency biphasic PNS blocked
pudendal nerve conduction when the urethral pressure response
was diminished at the end of the 60-sec stimulation, a 20 Hz PNS
(2-5V, 0.2 ms) was applied at Stim. A (Fig. 1b) central to the high-
frequency stimulation site to induce a maximal (70-100 cmH,0)
urethral pressure response (Figs. 4 and 5). This urethral response was
completely blocked by the high-frequency biphasic PNS (6-15 kHz,
6-10V) (Figs. 4 and 5). The pudendal nerve conduction recovered
quickly from the block once the high-frequency PNS was termi-
nated (Fig. 5a).
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Figure 3. Urethral pressure measured at the end of high-frequency biphasic
electrical stimulation. (a) Different intensities at 10 kHz frequency. (b) Different
frequencies at 6-10 V intensity. N = 5 cats. The inserted figure in (a) shows the
time point for urethral pressure measurement.

Bladder Excitation or Inhibition by PNS

The implanted stimulator also generated rectangular pulses at
the cuff electrode #1 (at Stim. A in Fig. 1a,b) that reflexively excited
or inhibited the bladder depending on the frequency of stimulation
(Figs.6 and 7). Several CMGs were performed in each animal to
determine the bladder capacity. In one group of experiments,
20-30 Hz PNS (2-8V, 0.2 ms) induced a large amplitude (45.9 £ 13.4
t0 52.0 £ 22 cmH,0) sustained bladder contraction (Fig. 6) when the
bladder was filled to 90% of capacity. When the frequency was
changed to 5 Hz, PNS (2-5V, 0.2 ms) applied during CMG inhibited
reflex micturition and significantly (p < 0.05) increased bladder
capacity to 176.5 £ 27.1% of the control capacity (8.2 + 1.9 mL)
(Fig. 7).

DISCUSSION

In this study, we constructed and successfully tested an implant-
able, wireless-controlled, rechargeable battery-powered stimulator
that can provide the required stimulation waveforms to 1) block
pudendal nerve conduction and relax the EUS (Figs. 2-5); 2) induce
a large sustained reflex bladder contraction (Fig.6); or 3) inhibit
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Figure 4. High-frequency, biphasic electrical stimulation of the pudendal
nerves bilaterally blocked the urethral pressure increase induced by 20 Hz uni-
lateral pudendal nerve stimulation. (a) A typical representation of the block
effect. High-frequency stimulation delivered to Stim. B1 and Stim. B2 (see
Fig. 1b) completely blocked the urethral pressure increase induced by Stim. A.
The black bars under pressure trace indicate the stimulation duration. The
Y-calibration bar indicates urethral pressure in 100 cmH,0 and the X-calibration
bar indicates the time in 50 sec. (b) Average urethral pressure measured during
Stim. A when the high-frequency stimulation was either on or off. Stim. A:
frequency 20 Hz, pulse width 0.2 ms, intensity 2-5 V. Stim. B1/B2: frequency
6-15kHz, intensity 6-10 V. N =5 cats. A total of 17 tests were performed in five
cats, with two to five tests in each cat.

reflex bladder activity (Fig. 7). These acute in vivo experiments in
anesthetized normal cats establish the effectiveness of the device as
well as stimulation parameters that will be used in future long-term
experiments to modulate abnormal lower urinary tract function in
awake chronic SCl cats. In the chronic experiments, the 5 Hz PNS will
be used to inhibit bladder overactivity and to promote urine
storage. However, to elicit voiding, the 5 Hz PNS will be switched to
20 Hz to induce a sustained bladder contraction and at the same
time a high-frequency (6-10 kHz) pudendal nerve block will be used
to relax the EUS and prevent DSD, so that efficient, low-pressure
voiding can be induced.

The elimination of EUS contraction by the high-frequency stimu-
lation as shown in Figures 4 and 5 is due to the block of pudendal
nerve conduction. It is not due to EUS fatigue caused by the stimu-
lation, because a previous study (9) showed that the EUS could still
contract if the Stim. A (Fig. 1b) was moved to a location distal to the
high-frequency blocking stimulation. Our previous studies (7,8)
have shown that the EUS contraction was gradually reduced as the
stimulation frequency increased from 1 kHz to 10 kHz. A complete
block of EUS contraction could only be achieved at 6 kHz and above.
Therefore, we designed the stimulator to provide 5-20 kHz for
pudendal nerve block (Fig.2b). In the present study, the high-
frequency blocking stimulation was applied bilaterally on the
pudendal nerves (Fig.1b) to block an excitatory pudendal-to-
pudendal reflex (10,11) that can be triggered by afferent axonal
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Figure 5. High-frequency biphasic stimulation of the pudendal nerves bilat-
erally completely blocked the increase in urethral pressure induced by unilateral
pudendal nerve stimulation. (a) Records from one female cat showing the
representative block of the response elicited by Stim. A during bilateral puden-
dal nerve stimulation (Stim. BT and Stim. B2). High-frequency stimulation deliv-
ered to Stim. B1 and Stim. B2 (see Fig. 1b) blocked the urethral pressure induced
by Stim. A. The black bars under pressure trace indicate the stimulation duration.
The Y-calibration bar indicates the urethral pressure in 100 cmH,0 and the
X-calibration bar indicates the time in 50sec. (b) Average urethral pressure
induced by Stim. A when the high-frequency stimulation was either on or off.
Stim. A: frequency 20 Hz, pulse width 0.2 ms, intensity 2-5 V. Stim. B1/B2: fre-
quency 6-15kHz, intensity 6-10 V. N = 4 cats. A total of eight tests were
performed in four cats, with one to three tests in each cat.

volleys elicited by Stim. A that in turn can elicit efferent activity on
the contralateral as well as the ipsilateral pudendal nerves to cause
an EUS contraction. In addition, bilateral block of the pudendal
nerves would be needed to control DSD after chronic SCI because
afferent activity elicited by bladder contractions can generate
pudendal efferent activity and EUS contractions bilaterally. There-
fore, in this study, we implanted the blocking electrodes bilaterally
on the pudendal nerves (Stim. B1 and B2 in Fig. 1b) to mimic the
conditions when the implantable stimulator is used to restore
bladder functions after chronic SCI. Our approach combining
pudendal nerve stimulation and block is different from the
approach used in other studies (12,13) that attempted to induce a
reflex bladder contraction without an EUS contraction by selectively
stimulating pudendal afferent nerves without stimulating efferent
nerves. However, activation of pudendal afferent nerves will reflex-
ively activate pudendal efferent nerves through an excitatory
pudendal-to-pudendal reflex (10,11). In addition, the bladder con-
traction induced by pudendal afferent stimulation will produce
pudendal efferent activity and EUS contraction due to DSD after SCI.
This is why we positioned the electrodes bilaterally on the whole
pudendal nerve to completely block pudendal efferent activity and
relax the EUS.

The high-frequency blocking stimulation generated by the
implantable stimulator produced a reversible block of the pudendal
nerve. Pudendal nerve conduction recovered quickly once the
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Figure 6. Bladder contractions induced by pudendal nerve stimulation at different frequencies. (a) Increase in bladder pressure elicited by unilateral pudendal nerve
stimulation (Stim. A). The black bars under pressure trace indicate the stimulation duration. The Y-calibration bar indicates bladder pressure in 50 cmH,O and the
X-calibration bar indicates the time in 100 sec. (b) Normalized area under bladder pressure curve during stimulation. The area under curve was normalized to the
maximal response in each animal. Stim. A: frequency 20 Hz, pulse width 0.2 msec, intensity 2-8 V. N =5 cats.

high-frequency blocking stimulation was off (Fig. 5), indicating that
the stimulation was safe and no nerve damage was induced. It is
worth noting that the quick recovery from pudendal nerve block as
shown in Figure 5 was achieved even after repeatedly (>14 times,
see Figs. 2 and 4) applying the high-frequency blocking stimulation
of 1-3 min duration for a total duration greater than 15 min. In
clinical applications to restore micturition function after SCI, the
high-frequency blocking stimulation will be applied about three to
five times per day for only 1-2 min each time during voiding. There-
fore, the possibility of pudendal nerve damage caused by the high-
frequency blocking stimulation should be minimal. In addition, the
safety of high-frequency blocking stimulation has also been verified
by recent clinical studies to block the vagus nerve for diabetes treat-
ment (14,15). The reversibility from pudendal nerve block is not only
important for safety reasons but also necessary for maintaining con-
tinence function during urine storage.

About 15-20 min were needed to fully charge the battery
wirelessly across the skin. After each charging, the battery success-
fully powered the stimulator in the animal for the entire experimen-
tal period (five to six hours). After removing the stimulator and
battery from the animal at the end of experiment, the battery power
lasted for about two to three days before the stimulator stopped
functioning and lost communication with the USB controller due to
a low battery level (<2.8 V). Although the stimulator was not used to
stimulate/block the pudendal nerve once it was removed from the
animal, it is estimated that the battery should still be able to power
the stimulator for the same amount of time (two to three days) if it
were used for PNS/block. This is because the electrical power used

by PNS/block is only a very small portion of the total power con-
sumption by the electrical circuits, including wireless communica-
tion, microprocessor, and the output amplifiers. Therefore, it is
expected that the implantable stimulator will continuously function
after chronic implantation in SCI cats as long as we continue to
charge it for 15-20 min every day.

Currently there is a commercially available, implantable stimula-
tor (InterStim, Medtronic Inc., Minneapolis, MN, USA) that stimulates
the sacral S3 root to treat overactive bladder (OAB) (16). It has also
been used to stimulate the pudendal nerve for the treatment of OAB
or interstitial cystitis (IC) (17,18). However, the InterStim stimulator
does not generate kHz frequencies and cannot be used to block the
pudendal nerve and prevent DSD. Our stimulator is designed to
treat both DO (5 Hz) and DSD (20 Hz + kHz) after SCI by stimulating
and/or blocking the pudendal nerves. Although our stimulator
could potentially be used for OAB or IC treatment, the kHz stimula-
tion generated by our stimulator would be unnecessary for this
purpose. As pudendal nerve also innervates the penis and anal
sphincter in addition to the EUS, our pudendal nerve stimulator
might have other potential applications to induce defecation, ejacu-
lation, or penile erection, etc. However, before these applications
become possible, the responses from these visceral organs to PNS
will have to be determined.

This study only tested the functionality of the implantable stimu-
lator. The durability can only be tested when the stimulator is
implanted in awake chronic SCI cats in our future experiments.
Although many improvements on this prototype stimulator may
have to be implemented as our study progresses, this study is the
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Figure 7. Increase in bladder capacity induced by 5Hz unilateral pudendal
nerve stimulation. (a) Repeated CMG recordings (infusion rate 2 mL/min in a
female cat) showing in the middle trace the reversible increase in bladder
capacity during stimulation. The black bar under the CMG trace indicates the
stimulation duration. The Y-calibration bar indicates the bladder pressure in
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ized bladder capacity measured during different CMGs. The capacity was nor-
malized to the measurement from control 1 CMG. * indicates significantly
different from the control 1. Stimulation: frequency 5 Hz, pulse width 0.2 msec,
intensity 2-5 V. N = 4 cats. CMG—cystometrogram.

first step of our long-term effort in designing an implantable puden-
dal nerve stimulator for restoring bladder functions after SCI.
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COMMENT

This is an important contribution to the goal of developing a wire-
less pudendal nerve stimulator for restoration of bladder function fol-
lowing an upper motoneuron spinal cord lesioned bladder.

Michael Ruggieri, MD
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Comments not included in the Early View version of this paper.
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Abstract The effect of a non-symmetric waveform on nerve
conduction block induced by high-frequency biphasic stimu-
lation is investigated using a lumped circuit model of the
unmyelinated axon based on Hodgkin-Huxley equations.
The simulation results reveal that the block threshold mono-
tonically increases with the stimulation frequency for the
symmetric stimulation waveform. However, a non-
monotonic relationship between block threshold and stimula-
tion frequency is observed when the stimulation waveform is
non-symmetric. Constant activation of potassium channels by
the high-frequency stimulation results in the increase of block
threshold with increasing frequency. The non-symmetric
waveform with a positive pulse 0.4-0.8 us longer than the
negative pulse blocks axonal conduction by hyperpolarizing
the membrane and causes a decrease in block threshold as the
frequency increases above 12—16 kHz. On the other hand, the
non-symmetric waveform with a negative pulse 0.4-0.8 us
longer than the positive pulse blocks axonal conduction by
depolarizing the membrane and causes a decrease in block
threshold as the frequency increases above 40-53 kHz. This
simulation study is important for understanding the potential
mechanisms underlying the nerve block observed in animal
studies, and may also help to design new animal experiments
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to further improve the nerve block method for clinical
applications.
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1 Introduction

It has been known for about 80 years that high-frequency
biphasic stimulation can block conduction of myelinated
axons at a minimal frequency of approximately 5 kHz
(Cattell and Gerard 1935; Reboul and Rosenblueth 1939;
Rosenblueth and Reboul 1939). Recently this nerve block
method has been applied to treat obesity (Camilleri et al.
2009; Wattaja et al. 2011), block chronic pain of peripheral
origin (Cuellar et al. 2013; van Buyten et al. 2013), or restore
urinary function after spinal cord injury (Gaunt and Prochazka
2009; Tai et al. 2004). However, the mechanisms underlying
this conduction block are still unknown. It has been proposed
that high-frequency biphasic stimulation causes extracellular
accumulation of potassium (Cattell and Gerard 1935) or con-
stant depolarization of the axonal membrane (Tanner 1962) to
induce the block. Although the patch-clamp technique has
significantly increased our understanding of sodium and po-
tassium channel properties of the axonal membrane (Catterall
2012; Jan and Jan 2012; Schwarz et al. 1995; Vasylyev and
Waxman 2012; Waxman 2012), it has not been used to inves-
tigate axonal responses to high-frequency (>5 kHz) biphasic
stimulation leaving the above proposals unconfirmed.
Recent studies of unmyelinated axons using sea slugs and
frogs (Joseph and Butera 2009, 2011) have further shown that
the high-frequency biphasic stimulation has a maximal block
threshold at 12—15 kHz. This observation provides a new
challenge and/or opportunity for testing the different hypoth-
eses regarding the blocking mechanism. It seems likely that a

@ Springer



378

J Comput Neurosci (2014) 37:377-386

single mechanism as proposed above (Cattell and Gerard
1935; Tanner 1962) would not explain the two critical fre-
quencies (5 kHz and 12—15 kHz) of conduction block by high-
frequency stimulation. Therefore, in this study we investigated
the role that both sodium and potassium channel kinetics
might play in the block of unmyelinated axons induced by
high-frequency biphasic stimulation.

It is a technical challenge to generate a perfectly symmetric
biphasic waveform due to the limitations of the electronic
generators. Therefore, as the stimulation frequency becomes
very high (>10 kHz), a small difference (<1 us) in the duration
of the positive and negative pulses of the biphasic waveform
could lead to a significantly different response of the axonal
membrane. In the present study we investigated the effect of a
non-symmetric waveform on high-frequency nerve conduc-
tion block. Because it is technically difficult to measure sodi-
um and potassium channel activity during the biphasic high-
frequency stimulation due to the strong electrical artifacts, we
used an axonal cable model based on Hodgkin-Huxley equa-
tions (Hodgkin and Huxley 1952) to simulate the response of
an unmyelinated axon to high-frequency biphasic stimulation
to determine: (1) whether the model can predict the minimal
frequency (about 5 kHz) for nerve block and the frequencies
(about 12—15 kHz) for a maximal block threshold; (2) whether
sodium and/or potassium channel kinetics determine these
critical blocking frequencies. Answering these questions
might not only reveal the physiological mechanisms underly-
ing nerve conduction block, but may also guide future animal
experiments and clinical applications of nerve conduction
block induced by high-frequency biphasic stimulation
(Camilleri et al. 2009; Cuellar et al. 2013; Gaunt and
Prochazka 2009; Tai et al. 2004; Wattaja et al. 2011; van
Buyten et al. 2013).

2 Methods

The unmyelinated axon model (Fig. 1) consists of a 9-mm-
long axon segmented into many small cylinders of length
Ax=0.25 mm, each of which is modeled by a resistance-
capacitance circuitry. The ionic currents passing through the
variable membrane resistance are described by Hodgkin—
Huxley equations (Hodgkin and Huxley 1952). Two mono
polar electrodes (with the indifferent electrodes at infinity) are
placed at 1 mm distance from the unmyelinated axon. One is
the block electrode at the 6 mm location along the axon, where
the high-frequency biphasic electrical current is delivered. The
other is the test electrode at the 3 mm location, which delivers
a uniphasic single pulse (pulse width: 0.1 ms; intensity: 10—
15 mA) to evoke an action potential that can propagate
through the site of the block electrode. The test electrode is
always the cathode (negative pulse). The block electrode
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Fig. 1 Unmyelinated axon model to simulate conduction block induced
by high-frequency biphasic electrical current. The unmyelinated axon is
segmented into many small cylinders of length Ax, each of which is
modeled by a resistance-capacitance circuit based on the Hodgkin—Hux-
ley model. R,: Axoplasm resistance. R,,; Membrane resistance. C,,:
Membrane capacitance. V,: Intracellular potential. V,: Extracellular
potential

always delivers the high-frequency biphasic current with the
cathodal phase first.

We assume that the unmyelinated axon is in an
infinite homogeneous medium (resistivity p,=300
Qcm). After neglecting the small influence of the axon
in the homogeneous medium, the extracellular potential
V., at the n™ segment along the axon can be described

by:

|- Pe Iblock(t) Itest([)
en —
4 \/(nAx—xo)z +z3 \/(nAx—xl)z +22

Where 7,,4(2) is the high-frequency biphasic current de-
livered to the block electrode (at location xq=6 mm, zy=
1 mm); I..(?) is the single test pulse delivered to the test
electrode (at location x;=3 mm, z;=1 mm).

The change of the membrane potential ¥, at the n™ segment
of the unmyelinated axon is described by:

dav, d V12V, Vit + Ven172Ven + Vent 7 /
= |— - “Lin|/Cm
dt 4p; Ax? Ax2 :

Where V,,=V, ,= Vo= Vyes; Van 1s the intracellular potential
at the n' segment; ¥, , is the extracellular potential at the n®
segment; V., is the resting membrane potential; d is the
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unmyelinated axon diameter; p; is the resistivity of axoplasm
(34.5 Qcm); ¢, is the capacity of the membrane (1 uF/cm?);
I;, is the ionic current at the n™ segment described by
Hodgkin—Huxley equations (Hodgkin and Huxley 1952;
Rattay 1989; Rattay and Aberham 1993; Tai et al. 2005a,
2005b).

The model equations were solved by the Runge—
Kutta method (Boyce and Diprima 1997) with a time
step of 0.2 psec. A smaller time step (0.05 psec) or
Runge—Kutta-Fehlberg method (Heinbockel 2005) with
an adaptive time step was also used to confirm some of
the key results. The temperature parameter was set at
T=18.5 °C. The simulation was always started at initial
condition V,=0. The membrane potentials at the two
end segments of the modeled axon were always equal
to the membrane potentials of their closest neighbors,
which implemented sealed boundary conditions (no lon-
gitudinal currents) at the two ends of the modeled axon.
The block threshold intensity was determined with a
resolution of 1 mA.

Fig. 2 Blocking the propagation
of action potentials along an
unmyelinated axon by high-
frequency symmetric biphasic
stimulation. High-frequency

(10 kHz) stimulation is
continuously delivered at the
block electrode, which initiated
an initial action potential. Another
action potential is initiated via the
test electrode at 5 ms after starting
the high-frequency stimulation,
and propagates towards both ends
of the axon. The 10 kHz
stimulation blocks nerve
conduction at the intensity of

81 mA (a), but not at 80 mA (b).
The short arrows mark the
locations of test and block
electrodes along the axon. The
white arrow indicates propagation
of the action potential to the
location of the 10 kHz blocking
stimulation. Axon diameter: 2 um

Test Elec

Test Elec

3 Results

3.1 Conduction block by symmetric and non-symmetric
biphasic stimulation waveforms

Figure 2 shows that in an unmyelinated axon the Hodg-
kin—Huxley model can successfully simulate the conduc-
tion block induced by high-frequency (10 kHz) symmetric
biphasic stimulation. In Fig. 2a the 10 kHz blocking
stimulation (81 mA) generates an initial action potential
propagating in both directions. At 5 ms after the start of
blocking stimulation, the test electrode delivers a single
pulse that generates another action potential propagating
toward the block electrode (see the white arrow in
Fig. 2a). This action potential fails to propagate through
the block electrode due to the presence of the high-
frequency biphasic stimulation. However, at a lower stim-
ulation intensity (80 mA in Fig. 2b) the 10 kHz stimula-
tion does not block nerve conduction and the action
potential propagates through the site of the block
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electrode. Similar conduction block was also successfully
simulated for non-symmetric biphasic stimulation wave-
forms where either the positive pulse is 0.4 or 0.8 us
longer than the negative pulse, or the reverse of this
condition.

Figure 3 shows the intensity thresholds for inducing
conduction block at different frequencies (5-100 kHz) for
an unmyelinated axon of 2 pm diameter. For the symmet-
ric biphasic waveform (Fig. 3a), the block threshold
monotonically increases as the stimulation frequency in-
creases. However, if the biphasic waveform is not sym-
metric (Fig. 3b and c), the block threshold increases
initially and then decreases with increasing stimulation
frequency, showing a non-monotonic relationship between
block threshold and stimulation frequency. If the positive
pulse is 0.4 or 0.8 us longer than the negative pulse, the
block threshold peaks between 12 kHz and 16 kHz
(Fig. 3b). However, if the negative pulse is 0.4-0.8 ps
longer than the positive pulse, the block threshold peaks
at a frequency of 40-53 kHz (Fig. 3c). For the symmetric
waveform, nerve block is not observed at frequencies
below 5 kHz, indicating that the minimal frequency for
inducing nerve block is about 5 kHz (Fig. 3). To evaluate
the possibility that the numerical integration method
might cause the effect of asymmetric stimulation wave-
form, we also calculated the result shown in Fig. 3b using
a smaller time step of 0.05 us or using Runge—Kutta-
Fehlberg method with an adaptive time step. These
methods did not change the results (see Fig. 3d).

Fig. 3 The threshold intensity to

—
Q
N

3.2 Mechanisms of the conduction block by symmetric
and non-symmetric waveforms

Figure 4 shows the same simulation as in Fig. 2a for the
10 kHz symmetric biphasic waveform but including more
detailed information for the 3 consecutive axon segments at
distances of 0—1 mm from the block electrode (the location at
6.0 mm is under the block electrode). Figure 4a-c show the
action potential, sodium current, and potassium current at
different locations approaching the block electrode. This ac-
tion potential propagation is disrupted at the location (6.0 mm)
under the block electrode, where axon membrane is alternate-
ly depolarized and hyperpolarized with large pulsed sodium
and potassium currents. The behavior of the membrane po-
tential and ionic currents can be further explained by the
activation/inactivation of the sodium and potassium channels
as shown in Fig. 4d-f. As the action potential propagates
toward the block electrode, the activation (m) of sodium
channels also changes at each location and becomes weaker
and oscillatory at the location under the block electrode
(Fig. 4d). Meanwhile, the inactivation of sodium channels is
kept at a low level (i.e., h is a high value) under the block
electrode (Fig. 4¢). The combination of activation and inacti-
vation of sodium channels (Fig. 4d-e) determines that the
sodium current becomes a pulsed inward current under the
block electrode (Fig. 4b). Therefore, the sodium channels are
never completely blocked when conduction block occurs.
However, the change in potassium activation (n) induced by
the action potential becomes smaller under the block electrode
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Fig.4 The changes in membrane
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(Fig. 4f) because potassium channels are constantly activated
at this location, resulting in a large pulsed outward potassium
current (Fig. 4c). This large outward potassium current op-
poses the large inward sodium current, causing the membrane
under the block electrode to become un-excitable leading to
the block of action potential conduction. This blocking mech-
anism is observed for the symmetric waveform in the frequen-
cy range of 5-100 kHz (Fig. 3a). Our previous simulation
studies of an unmyelinated axon (Tai et al. 2005a, 2005b) also
revealed that the constant activation of potassium channels by
high-frequency symmetric biphasic stimulation requires
higher stimulation intensity as the frequency increases, be-
cause a lower frequency can maintain a higher activation level
of potassium channels than a higher frequency.

A similar blocking mechanism is also observed for non-
symmetric waveforms at frequencies below the peak block
threshold frequency (Fig. 3b and c). Figure 5 shows that at
10 kHz the symmetric and non-symmetric waveforms produce
almost the same alternating membrane depolarization/
hyperpolarization (Fig. 5a) and very similar ion channel
activation/inactivation (Fig. 5b-d). It is also worth noting that
the 0.4 ps difference between the positive and negative pulses
produces no difference in potassium channel activation (Fig. 5d).
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In order to understand why the block threshold with the non-
symmetric waveform starts to decrease at frequencies above the
peak block threshold frequency (Fig. 3b and c), we further
investigated the changes in membrane potential, ionic currents,
and activation/inactivation of the sodium and potassium chan-
nels at frequencies between 12-100 kHz. Figure 6 shows the
conduction block by the 80 kHz non-symmetric waveform with
a positive pulse 0.4 ps longer than the negative pulse. Action
potential propagation is completely abolished at the location
(6.0 mm) under the block electrode, where the axon membrane
is hyperpolarized to about —120 mV [(—50 mV)+(—70 mV
resting potential), see Fig. 6a]. This hyperpolarization is caused
by the accumulation of 0.4 ps longer positive pulses, which
completely deactivates both sodium and potassium channels
(Fig. 6d and f) and eliminates both sodium and potassium
currents (Fig. 6b and c) thereby resulting in a conduction block
at the location (6.0 mm) under the block electrode. Meanwhile,
inactivation (h) of sodium channels is minimal (=1) under the
block electrode (Fig. 6e). The same blocking mechanism is
observed at frequencies greater than 12—16 kHz for non-
symmetric waveforms with the positive pulse 0.4 or 0.8 us
longer than the negative pulse (Fig. 3b). As the frequency is
increased, the accumulation of positive charges
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due to the longer positive pulses is greater and produces the
same level of hyperpolarization at a lower stimulus intensity.
Therefore, the block threshold decreases as the frequency in-
creases (Fig. 3b).

However, if the non-symmetric waveform has a longer
negative pulse, it generates a constant depolarization under
the block electrode instead of a hyperpolarization. Figure 7
shows the membrane potentials and ion channel activation/
inactivation for the symmetric and non-symmetric waveforms
at 80 kHz. Although the 0.4 ps difference between the positive
and negative pulses does not produce a different membrane
response at 10 kHz (Fig. 5), it can generate a significantly
different response at 80 kHz (Fig. 7). The non-symmetric
waveform with the negative pulse 0.4 ps longer than the
positive pulse produces a constant depolarization about
20 mV (Fig. 7 a), which causes a significant inactivation of
sodium channels (Fig. 7c) resulting in a conduction block. The
accumulation of negative charges due to longer negative pulses
is greater for a higher frequency, thereby producing the same
level of depolarization at a lower block threshold (Fig. 3c).

4 Discussion

This study employed the Hodgkin—Huxley axonal model to
simulate nerve conduction block by high-frequency (5—
100 kHz) biphasic stimulation in an unmyelinated axon
(Figs. 1-2). It revealed that the block threshold monotonically

@ Springer

increases with the stimulation frequency if the biphasic stim-
ulation waveform is symmetric (Fig. 3a). A non-monotonic
relationship between block threshold and stimulation frequen-
cy can only be observed when the biphasic stimulation wave-
form is non-symmetric (Fig. 3b and c). Constant activation of
potassium channels by high-frequency stimulation is the un-
derlying mechanism for the increase of block threshold with
increasing frequency (Figs. 4 and 5). The non-symmetric
waveform consisting of longer positive pulses blocks axonal
conduction by hyperpolarizing the membrane (Fig. 6), which
causes a decrease in block threshold as the frequency in-
creases above 12—16 kHz (Fig. 3b). On the other hand, the
non-symmetric waveform consisting of longer negative pulses
blocks axonal conduction by depolarizing the membrane
(Fig. 7), which causes a decrease in block threshold as the
frequency increases above 40-53 kHz (Fig. 3c¢).

This study and our previous studies (Tai et al. 2005a,
2005b) using the unmyelinated axonal model (Hodgkin—Hux-
ley model) have successfully predicted the minimal blocking
frequency (5 kHz) (Bowman and McNeal 1986; Reboul and
Rosenblueth 1939; Rosenblueth and Reboul 1939). However,
the peak block threshold frequencies (12—15 kHz) discovered
recently in unmyelinated axons of sea-slugs and frogs (Joseph
and Butera 2009, 2011) can only be observed in this simula-
tion study using non-symmetric waveforms with a positive
pulse 0.4 or 0.8 us longer than the negative pulse (Fig. 3).
Since the animal studies (Joseph and Butera 2009, 2011) did
not report the accuracy of the stimulation waveform, it is
difficult to know whether the peak block threshold frequencies
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(12—15 kHz) were caused by a slightly non-symmetric wave-
form used in those studies. Additional animal studies with
accurate information about the symmetry of the stimulation
waveform are needed in order to confirm the results from this
simulation study.

However, the animal study (Joseph and Butera 2011) using
the same stimulation waveform also showed that in a myelin-
ated axon the block threshold monotonically increases with
stimulation frequency up to 50 kHz. Our previous simulation
study (Tai et al. 2011) using a myelinated axon model
(Frankenhaeuser-Huxley model) showed the same monotonic
increase in block threshold at frequencies up to 100 kHz for
axons of diameter 10-20 wm. However, the effect of non-
symmetric waveforms on conduction block of myelinated
axon has not been investigated. Since the ion channels in
myelinated axons (Frankenhaeuser 1960) have much faster
kinetics than in unmyelinated axons (Hodgkin and Huxley
1952), it is possible that a frequency greater than 50 kHz
might be needed in order to induce a constant hyperpolariza-
tion and a decrease in block threshold by the non-symmetric
waveform with a slightly longer positive pulses. Therefore,
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more studies are warranted to investigate nerve conduction
block in myelinated axons using non-symmetric stimulation
waveforms.

The results in this study emphasize the importance of using
a symmetric biphasic waveform for high-frequency nerve
block, especially when the frequency is above 10 kHz. The
small difference of 0.4 us between the positive and negative
pulses (less than 0.8 % difference in pulse width) may not
make a difference in nerve block at frequencies below 10 kHz
(Figs. 4-5), but can make a significant difference at frequen-
cies of 20-100 kHz (1.6-8 % difference in pulse width)
causing a decrease in block threshold (Fig. 3b and c) by
constantly hyperpolarizing or depolarizing the axonal mem-
brane (Figs. 6—7). The net effect of the non-symmetric wave-
form on axonal conduction is equivalent to that caused by
direct current (DC). The non-symmetric waveform with a
longer positive (or negative) pulse blocks nerve conduction
by inducing a constant hyperpolarization (or depolarization)
of the axon membrane, which is similar to the nerve conduc-
tion block induced by an anodal (or cathodal) DC (Tai et al.
2009). It is known that DC can damage nerves during long-
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term application due to the accumulation of electrical charges
that can cause irreversible chemical reactions. Electrical
charges could accumulate more rapidly when the stimulation
frequency is high (such as >10 kHz, see Fig. 7) even with a
very small difference between the durations (such as 0.4 us) of
the positive and negative pulses of the non-symmetric wave-
form. Therefore, the results from this simulation study suggest
that waveform symmetry needs to be carefully examined
when the high-frequency (kHz) biphasic stimulation is to be
used in clinical applications.

It has been proposed that high-frequency biphasic stimula-
tion might induce block by producing a constant depolariza-
tion of the axonal membrane (Tanner 1962). However, the
results in this simulation study show that a constant depolar-
ization is only possible when the biphasic waveform is non-
symmetric with a longer negative pulse than positive pulse
(Fig. 7). If the biphasic waveform is symmetric (i.e., charge-
balanced), it will not produce a constant depolarization. In-
stead, the axonal membrane will be alternately depolarized
and hyperpolarized (Fig. 7a) causing a constant activation of
the potassium channels (Fig. 4f and Fig. 7d). Therefore, it is
possible that extracellular accumulation of potassium as pro-
posed previously (Cattell and Gerard 1935) could contribute
to the nerve conduction block. However, this blocking mech-
anism will depend on how fast the potassium can diffuse in the
extracellular space. In this simulation study the extracellular
accumulation of potassium is not considered but the nerve
conduction block is still successfully simulated, indicating
that the extracellular accumulation of potassium might not
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be a necessary factor in the block induced by high-frequency
(kHz) biphasic stimulation.

The results in this study and our previous studies using
an unmyelinated axonal model (Tai et al. 2005a, 2005b)
indicate that the kinetics of ion channel gating play a major
role in the conduction block induced by high-frequency
biphasic stimulation. For example, the kinetics of the po-
tassium channel are slow compared to the sodium channel.
Therefore, opening and closing of the potassium channel
cannot follow higher frequencies. Hence, it is constantly
open as the frequency increases to the minimal blocking
frequency of about 5 kHz (Fig. 4) (Tai et al. 2005a, 2005b),
which results in a potassium current that opposes the sodi-
um current induced by the arrival of the action potential and
thereby elicits a conduction block (Fig. 4). This potassium
channel mechanism causes the monotonic increase in block
threshold as the stimulation frequency increases (Figs. 3-5)
because a lower frequency can maintain a higher activation
level of potassium channels (Tai et al. 2005a, 2005b).
However, the blocking mechanisms identified in this simu-
lation study still need to be confirmed by animal studies
using patch-clamp techniques to examine the ion channel
kinetics (Vasylyev and Waxman 2012). In addition, the
responses of different subtypes of sodium and potassium
channels to high-frequency biphasic stimulation also need
to be investigated using patch-clamp techniques (Vasylyev
and Waxman 2012) or by simulation studies using the
kinetics of different subtypes of ion channels (Catterall
2012; Jan and Jan 2012; Waxman 2012).
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It is worth noting that the block threshold calculated in this
model study is much higher than the measurements from
animal studies (Gaunt and Prochazka 2009; Joseph and
Butera 2009, 2011). This is mainly due to the 1 mm distance
between the block electrode and the axon (Fig. 1), while the
electrode in animal studies is in close contact with the nerve.
In addition, the extracellular medium resistivity (p.=300
Qcm) in this model study is probably higher than in animal
studies, which can also cause a higher block threshold. Cur-
rently nerve conduction block by high-frequency biphasic
stimulation has been shown both in small (<1 um diameter)
unmyelinated axons of rat vagus nerve (Wattaja et al. 2011)
and in large (2-20 pm diameter) unmyelinated axons of
Aplysia (Joseph and Butera 2009). Therefore, we chose an
unmyelinated axon of 2 um diameter as the representative in
this study to investigate the effect of stimulation waveform
asymmetry.

Nerve conduction block induced by high-frequency bi-
phasic stimulation has many potential applications in both
clinical medicine and basic neuroscience research (Camilleri
et al. 2009; Gaunt and Prochazka 2009; Tai et al. 2004,
Wattaja et al. 2011). The results about nerve block of
umyelinated axons in this study are especially useful for
clinical applications to block chronic pain (Cuellar et al.
2013; van Buyten et al. 2013). Understanding the mechanisms
underlying this type of nerve block could improve the design
of new stimulation waveforms (Roth 1994, 1995) and further
promote clinical application (Leob 1989; Song et al. 2008).
Simulation analysis using computer models provides a tool to
reveal the possible blocking mechanisms and may help to
design new animal experiments to further improve the nerve
blocking method.
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ABSTRACT

This study used the Frankenhaeuser—Huxley axonal model to analyze the effects of
non-symmetric waveforms on conduction block of myelinated axons induced by
high-frequency (10-300 kHz) biphasic electrical stimulation. The results predict a
monotonic relationship between block threshold and stimulation frequency for symmetric
waveform and a non-monotonic relationship for non-symmetric waveforms. The
symmetric waveform causes conduction block by constantly activating both sodium and
potassium channels at frequencies of 20-300 kHz, while the non-symmetric waveforms
share the same blocking mechanism from 20 kHz up to the peak threshold frequency. At
the frequencies above the peak threshold frequency the non-symmetric waveforms block
axonal conduction by either hyperpolarizing the membrane (if the positive pulse is longer)
or depolarizing the membrane (if the negative pulse is longer). This simulation study
further increases our understanding of conduction block in myelinated axons induced by
high-frequency biphasic electrical stimulation, and can guide future animal experiments
as well as optimize stimulation parameters that might be used for electrically induced

nerve block in clinical applications.

Key Words: nerve, block, simulation, high-frequency, model.



I. INTRODUCTION

High-frequency (kHz) biphasic electrical stimulation has recently been investigated
extensively due to its potential clinical application to block peripheral nerve conduction
[7, 16, 29, 32]. Although the mechanisms underlying this nerve block are still unclear [1,
33], previous animal studies of myelinated axons have shown that the block threshold
intensity monotonically increases as the stimulation frequency increases up to 50 kHz [2,
10, 13]. Our recent computer simulation study of large (10-20 um diameter) myelinated
axons further indicates a monotonic increase in block threshold up to 100 kHz [28].
However, recent animal studies [12, 13] revealed that this monotonic relationship does
not hold in small unmyelinated axons where the block threshold current only increases
with frequency up to about 12-15 kHz and then decreases as the stimulation frequency
further increases. This discovery raises the question about what causes the difference of
high-frequency block between myelinated and unmyelinated axons. Answering this
question will help to understand the mechanisms underlying nerve conduction block
induced by high-frequency biphasic electrical stimulation.

Due to the difficulties in recording ion channel activity in axonal nodes during
high-frequency biphasic electrical stimulation, the mechanisms of nerve block have been
mainly investigated by modeling and computer simulation. These simulation studies have
been successful in reproducing many phenomena observed in animal experiments, for
example the minimal block frequency, the influence of temperature on minimal block

frequency, and the relationship between axon diameter and block threshold [1, 3, 15, 26,
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27, 31, 28, 33]. The newly discovered non-monotonic relationship between block
threshold and stimulation frequency was also successfully reproduced in our recent
simulation study of unmyelinated axons [34]. This study indicates that the monotonic
decrease in block threshold in unmyelinated axons at frequencies above 15 kHz is
probably caused by a slightly (<1 us in pulse width) non-symmetric waveform of the
high-frequency stimulation, which constantly hyperpolarizes or depolarizes the axon as
the frequency increases above 15 kHz.

Although our previous simulation study [28] of large (10-20 um diameter)
myelinated axons showed a monotonic increase in block threshold with stimulation
frequency up to 100 kHz, the effect of a non-symmetric waveform on the block threshold
was not investigated. Based on our recent simulation study of unmyelinated axons [34],
we hypothesize that a non-symmetric waveform can also cause a decrease in block
threshold as the frequency increases above a certain level in myelinated axons. It is
known that the ion channel kinetics of myelinated axons is faster than unmyelinated
axons [8, 11]. Therefore, it is reasonable to expect that a higher frequency would be
required in myelinated axons than in unmyelinated axons in order to cause a constant
hyperpolarization/depolarization by a non-symmetric stimulation waveform.

In this study we employed a myelinated axonal model (Frankenhaeuser—Huxley
model) [9, 18, 19] to simulate high-frequency nerve block and to determine: (1) if a
decrease in block threshold can be produced by high-frequency stimulation of a

non-symmetric waveform; (2) At what frequency the decrease in block threshold can
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occur; (3) what happens to the sodium and potassium channels when this decrease in
block threshold occurs. Understanding the mechanisms of nerve conduction block
induced by high-frequency biphasic electrical stimulation will be very useful in
developing new nerve blocking methods, optimizing stimulation parameters, or

improving the efficacy of blocking nerves in different clinical applications.

II. METHODS

The myelinated axon model used in our study is showed in Fig.1. A 40 mm long,
myelinated axon is modeled with the inter-node length Ax=100d (d is the myelinated
axon diameter). Each node (nodal length: L=2.5 um) is modeled by a membrane
capacitance (C,,) and a variable membrane resistance (Ry,). The ionic currents passing
through the variable membrane resistance are described by Frankenhaeuser—Huxley
equations [9, 18, 19]. Two monopolar point electrodes (with the indifferent electrode at
infinity) are placed at 1 mm distance from the axon. One is the block electrode at the 30
mm location along the axon, where the high frequency biphasic current is delivered
(Fig.1). The other is the test electrode at 10 mm location, which delivers a uniphasic
single pulse (pulse width 0.1 ms and intensity 0.5-2mA) to evoke an action potential and
test whether this action potential can propagate through the site of the block electrode.
The test electrode is always the cathode (negative pulse), and the block electrode delivers
biphasic pulses with the cathodal phase first.

We assume that the myelinated axon is in an infinite homogeneous medium
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(resistivity p, =300 Qcm). After neglecting the small influence of the axon in the

homogeneous medium, the extracellular potential V., at the n™ node along the axon can
be described by:

— & Iblock (t) + Itest (t)
4 \/(nAx— X, ) + 22 \/(nAx— x) +2}

e,n

where lpock(t) is the high-frequency biphasic current delivered to the block electrode (at
location xp = 30 mm, zo= 1 mm); leg(t) is the single test pulse delivered to the test
electrode (at location x; = 10 mm, z; = 1 mm).

The change of the membrane potential V, at the n™ node of the myelinated axon is

described by:

dv, | dAX(V, -2V, +V, +Ve,n_1 ~ 2V, +V, e
dt 4p.L AXC AX2 in |/ Cm

h

where V=Van-Ven-Viest; Van is the intracellular potential at the n™ node; Ven is the

extracellular potential at the n® node; Viest 1s the resting membrane potential; p; is the
resistivity of axoplasm (100 Q2cm); C, 1s the capacity of the membrane (2 uF/cmz); linis
the ionic current density at the n™ node described by Frankenhaeuser—Huxley equations
[9, 18, 19] (see appendix).

The myelinated axon model was solved by Runge-Kutta method [5] with a time step
of 0.5 usec. The simulation was always started at initial condition V, = 0. The membrane
potentials at the two end nodes of the modeled axon were always equal to the membrane
potentials of their closest neighbors, which implemented sealed boundary conditions (no

longitudinal currents) at the two ends of the modeled axon. The block threshold current
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was determined with a resolution of 0.1 mA. The simulation was performed on a

myelinated axon of diameter 2 um with the temperature parameter set at 37 °C.

II. RESULTS

A. Conduction block by symmetric and non-symmetric biphasic stimulation waveforms

Fig.2 shows that in a myelinated axon the Frankenhaeuser—Huxley model can
successfully simulate the conduction block induced by high-frequency (30 kHz)
symmetric biphasic stimulation. In Fig.2 (a) the 30 kHz blocking stimulation (10 mA)
generates an initial action potential propagating in both directions. At 5 ms after the start
of blocking stimulation, the test electrode delivers a single pulse that generates another
action potential propagating toward the block electrode [see the white arrow in Fig.2 (a)].
This action potential fails to propagate through the block electrode due to the presence of
the high-frequency biphasic stimulation. However, at a lower stimulation intensity [9.9
mA in Fig.2 (b)] the 30 kHz stimulation does not block nerve conduction and the action
potential propagates through the site of the block electrode. Similar conduction block was
also successfully simulated for non-symmetric biphasic stimulation waveforms where
either the positive pulse is 1 or 2 ps longer than the negative pulse, or the reverse of this
condition.

Fig.3 shows the intensity thresholds for inducing conduction block at different
frequencies (10-300 kHz) for a myelinated axon of 2 um diameter. For the symmetric

biphasic waveform [Fig.3 (a)], the block threshold monotonically increases as the
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stimulation frequency increases. However, if the biphasic waveform is not symmetric
[Fig.3 (b) and (c)], the block threshold increases initially and then decreases with
increasing stimulation frequency, showing a non-monotonic relationship between block
threshold and stimulation frequency. If the positive pulse is 1-2 ps longer than the
negative pulse, the block threshold peaks between 60 kHz and 80 kHz [Fig.3 (b)].
However, if the negative pulse is 1-2 ps longer than the positive pulse, the block

threshold peaks at a frequency of 40-70 kHz [Fig.3 (¢)].

B. Mechanisms of the conduction block by symmetric and non-symmetric waveforms
Fig.4 shows the same simulation as in Fig.2 (a) for the 30 kHz symmetric biphasic
waveform but including more detailed information for the 4 consecutive axon nodes at
distances of 0-1.2 mm from the block electrode (the location at 30.0 mm is under the
block electrode). Figs.4 (a)-(c) show the action potential, sodium current, and potassium
current at different locations approaching the block electrode. This action potential
propagation is disrupted at the location (30.0 mm) under the block electrode, where axon
membrane potential is oscillating with large pulsed sodium and potassium currents. The
behavior of the membrane potential and ionic currents can be further explained by the
activation/inactivation of the sodium and potassium channels as shown in Fig.4 (d)-(f).
As the action potential propagates toward the block electrode, the activation (m) of
sodium channels also changes at each location and becomes almost constant (about 0.4)

at the location under the block electrode [Fig.4 (d)]. Meanwhile, the inactivation of
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sodium channels is kept at a low value (about 0.1) under the block electrode [Fig.4 (e)].
The combination of activation and inactivation of sodium channels [Fig.4 (d)-(e)]
determines that the sodium channel becomes constantly open and results in a pulsed
inward sodium current under the block electrode [Fig.4 (b)]. Therefore, the sodium
channels are never completely blocked when conduction block occurs. However, the
change in potassium activation (n) induced by the action potential becomes smaller under
the block electrode [Fig.4 (f)] because potassium channels are constantly activated at this
location, resulting in a large pulsed outward potassium current [Fig.4 (c)]. This large
outward potassium current opposes the large inward sodium current, causing the
membrane under the block electrode to become un-excitable leading to the block of
action potential conduction. This blocking mechanism is observed for the symmetric
waveform in the frequency range of 20-300 kHz [Fig.3 (a)]. Our previous simulation
study (Zhang et al, 2006) has shown that at frequency range of 5-10 kHz the potassium
channel but not the sodium channel is constantly open, which causes the conduction
block.

Similar blocking mechanisms are also observed for non-symmetric waveforms at
frequencies below the peak block threshold frequency [Fig.3 (b) and (c)]. Fig.5 shows
that at 30 kHz the symmetric and non-symmetric waveforms produce almost the same
oscillating membrane potential [Fig.5 (a)] and very similar ion channel
activation/inactivation [Fig.5 (b)-(d)]. It is also worth noting that the 1 ps difference

between the positive and negative pulses does not change potassium channel activation
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[Fig.5 (d)].

In order to understand why the block threshold with the non-symmetric waveform
starts to decrease at frequencies above the peak block threshold frequency [Fig.3 (b) and
(c)], we further investigated the changes in membrane potential, ionic currents, and
activation/inactivation of the sodium and potassium channels at frequencies between
50-300 kHz. Fig.6 shows the conduction block by the 120 kHz non-symmetric waveform
with a positive pulse 1 ps longer than the negative pulse. Action potential propagation is
completely abolished at the location (30.0 mm) under the block electrode, where the axon
membrane is hyperpolarized to about -120 mV [(-50 mV) + (-70 mV resting potential),
see Fig.6 (a)]. This hyperpolarization is caused by the accumulative effect of 1 ps longer
positive pulses, which significantly deactivates both sodium and potassium channels
[Fig.6 (d) and (f)], dramatically reduces sodium current [Fig.6 (b)], and eliminates
potassium currents [Fig.6(c)] thereby resulting in a conduction block at the location (30.0
mm) under the block electrode. Meanwhile, inactivation (h) of sodium channels is
minimal (= 1) under the block electrode [Fig.6 (e)]. The same blocking mechanism is
observed at frequencies greater than 60-80 kHz for non-symmetric waveforms with the
positive pulse 1-2 ps longer than the negative pulse [Fig.3 (b)]. As the frequency is
increased, the accumulation of positive charges due to the longer positive pulses is
greater and produces the same level of hyperpolarization at a lower stimulus intensity.
Therefore, the block threshold decreases as the frequency increases [Fig.3 (b)].

However, if the non-symmetric waveform has a longer negative pulse (1-2 us longer),

9



it generates a constant depolarization under the block -electrode instead of a
hyperpolarization when stimulation frequency increases higher than 40-70 kHz [Fig.3(c)].
The non-symmetric waveform with the negative pulse 1 ps longer than the positive pulse
produces a constant depolarization about 20 mV at the blocking electrode [Fig.7 (a)],
which causes a significant inactivation of sodium channels [Fig.7 (e)] resulting in very
small sodium current [Fig.7(b)] during stimulation thereby a conduction block. The
accumulation of negative charges due to longer negative pulses is greater for a higher
frequency, thereby producing the same level of depolarization at a lower block threshold
[Fig.3 (c)]. It is worth noting that symmetric waveform can induce pulsed inward sodium
currents during the stimulation [Fig.4 (b)], while non-symmetric waveforms can not
induce pulsed inward sodium currents either due to sodium channel deactivation by a
constant hyperpolarization [Fig.6 (a) and (b)] or sodium channel inactivation by a

constant depolarization [Fig.7 (a) and (b)].

IV. DISCUSSION
This study using the Frankenhaeuser—Huxley axonal model successfully simulated
nerve conduction block in myelinated axons during high-frequency (10-300 kHz)
biphasic electrical stimulation (Fig.2). It predicted a monotonic relationship between
block threshold and stimulation frequency for a symmetric waveform [Fig.3(a)] and a
non-monotonic relationship for non-symmetric waveforms [Fig.3 (b) and (c)]. The results

reveal that the symmetric waveform causes conduction block by constantly activating
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both sodium and potassium channels (Fig.4) at frequencies of 20-300 kHz, while the
non-symmetric waveforms share the same blocking mechanism as the symmetric
waveform from 20 kHz up to the peak threshold frequency (Fig.5). However, at the
frequencies above the peak threshold frequency the non-symmetric waveforms cause
either hyperpolarization (Fig.6, positive pulse longer) or depolarization (Fig.7, negative
pulse longer) and thereby conduction block. These results have significant implications
for future animal experiments and for clinical applications of the nerve block methods.

This study predicts in myelinated axons that the block threshold will reach a peak
and then gradually decrease when the stimulation frequency increases above
approximately 50 kHz for non-symmetric waveforms (Fig.3). A similar non-monotonic
block response has been observed in unmyelinated axons of sea slugs and frogs with the
block threshold peaks ranging between 12-15 kHz [12, 13] and in our recent simulation
study of unmyelinated axons [34]. Previous animal studies that examined block of
myelinated axons [2, 10, 13] only tested frequencies up to 50 kHz and showed a
monotonic increase in block threshold as the frequency increases same as our simulation
results at frequencies below 50 kHz (Fig.3). The results in this simulation study further
suggest that additional animal studies should be conducted to examine higher frequencies
(50-300 kHz) in myelinated axons and to confirm the different block responses for
symmetric and non-symmetric waveforms.

This study emphasizes the importance of using a symmetric biphasic waveform for

high-frequency nerve block of myelinated axons, especially when the frequency is above
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50 kHz. The small difference of 1 ps between the positive and negative pulses (less than
19% difference in pulse width) may not make a difference in nerve block at frequencies
below 50 kHz (Figs.4-5), but can make a significant difference at frequencies of 50-300
kHz (19-50% difference in pulse width) causing a decrease in block threshold [Fig.3 (b)
and (c)] by constantly hyperpolarizing (Fig.6) or depolarizing (Fig.7) the axonal
membrane. The net effect of the non-symmetric waveform on axonal conduction is
equivalent to that caused by direct current (DC). The non-symmetric waveform with a
longer positive (or negative) pulse blocks nerve conduction by inducing a constant
hyperpolarization (or depolarization) of the axon membrane, which is similar to the nerve
conduction block induced by an anodal (or cathodal) DC [31]. It is known that DC can
damage nerves during long-term application due to the accumulation of electrical charges
that can cause irreversible chemical reactions. Electrical charges could accumulate more
rapidly when the stimulation frequency is high (such as >50 kHz, see Figs.6-7) even with
a very small difference (such as 1 ps) between the durations of the positive and negative
pulses of the non-symmetric waveform. Therefore, the results from this simulation study
suggest that waveform symmetry needs to be carefully examined when the
high-frequency biphasic stimulation is to be used in clinical applications at a frequency
greater than 50 kHz.

This study and our previous studies [28, 33] using the myelinated axonal model
(Frankenhaeuser—Huxley model) have revealed several different blocking mechanisms

for different stimulation frequencies. These studies indicate that the kinetics of ion
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channel gating play a major role in the conduction block induced by high-frequency
biphasic electrical stimulation. The kinetics of the potassium channel are slow compared
to the sodium channel [8, 11], and therefore this channel does not follow high-frequencies
very well. Thus, the potassium channel becomes constantly open as the frequency
increases to the minimal blocking frequency of about 4 kHz [15, 33]. This potassium
channel opening mechanism governs the monotonic increase in block threshold at the
frequency range of 4-10 kHz [15, 33]. As the frequency increases further (>20 kHz), it
saturates the faster kinetics of the sodium channel causing the channel to be constantly
open [Fig.4(d) and Fig.5(b)] and lose its ability to regulate sodium current during action
potential generation [Fig.4(b)] resulting in a conduction block [Fig.4(a)] (also see Tai et
al. 2011). This sodium channel opening mechanism governs the monotonic increase in
block threshold from 20 kHz to 300 kHz for a symmetric waveform [Fig.3(a)], but only
to the frequency at which the block threshold peaks for non-symmetric waveforms [Fig.3
(b) and (c)]. Further increasing the stimulation frequency above the peak threshold
frequency will cause either hyperpolarization (Fig.6) or depolarization (Fig.7) by the
non-symmetric waveforms, which is responsible for the monotonic decrease in block
threshold (Fig.3). The ion channel kinetic mechanisms are supported by evidence from
animal studies indicating that the minimal blocking frequency is about 4 kHz [4, 20, 22]
and that the block threshold monotonically increases in the frequency range of 4-50 kHz
[2, 10, 13]. However, these ion channel kinetic mechanisms revealed by model analysis

still need to be confirmed directly by animal studies in the future.

13



This study used the Frankenhaeuser—Huxley axonal model that has fixed parameters
independent of stimulation frequency and is suitable for the temperature range of 20-37
°C [9, 18, 19]. The stimulation amplitudes used in this study are well within the model’s
range, since they never cause the simulation to overflow and steady state responses were
always achieved (Figs.2-7). Although the model parameters were obtained from voltage
clamp experiments (low frequency response), the Frankenhacuser—Huxley axonal model
has been used successfully to simulate axonal responses for stimulation up to 50 kHz [6,
17, 21]. Our previous studies using the Frankenhaeuser—Huxley axonal model [28, 31, 33]
have also successfully simulated high-frequency nerve block up to 100 kHz and
reproduced many phenomena observed in animal experiments, for example the minimal
block frequency, the influence of temperature on minimal block frequency, and the
relationship between axon diameter and block threshold. However, whether the
simulation results obtained in this study for stimulation frequency up to 300 kHz predict
the real axonal block effect can only be confirmed by animal studies using myelinated
nerve. This simulation study provides the rationale for and the expected results for future
animal studies.

Nerve conduction block induced by high-frequency biphasic electrical stimulation
has many potential applications in both clinical medicine and basic neuroscience research
[7, 16, 29, 32]. Understanding the mechanisms underlying this type of nerve block could
improve the design of new stimulation waveforms [23, 24] and further promote clinical

application [14, 25]. Simulation analysis using computer models provides a tool to reveal
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the possible blocking mechanisms and may help to design new animal experiments to

further improve the nerve blocking method.

APPENDIX

The ionic current density I;, at n™ node is described as:

=g, i Hip +1p

i,n

EF’ [Na], —[Na],e®/*"

1 _ gEF/RT

iy, = P,.m’h

) EF2 [K]O _[K]ieEF/RT

I =R = e
RT 1—e

ii=9,(V,-V.)

E=V, +V,

where Pna (0.008 cm/s), Pk (0.0012 cm/s) and Pp (0.00054 cm/s) are the ionic
permeabilities for sodium, potassium and nonspecific currents respectively; ¢, (30.3
kQ"' cm™) is the maximum conductance for leakage current. Vi (0.026 mV) is reduced
equilibrium membrane potential for leakage ions, in which the resting membrane

potential V., (-70 mV) has been subtracted. [Na]; (13.7 mmole/l) and [Na], (114.5

rest
mmole/l) are sodium concentrations inside and outside the axon membrane. [K]; (120

mmole/l) and [K], (2.5 mmole/l) are potassium concentrations inside and outside the axon

membrane. F (96485 c/mole) is Faraday constant. R (8314.4 mJ/K/mole) is gas constant.
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m, h, n and p are dimensionless variables, whose values always change between 0 and 1.
m and h represent activation and inactivation of sodium channels, whereas n represents
activation of potassium channels. p represents activation of non-specific ion channels.
The evolution equations for m, h, n and p are the following:

dm/dt=[e,,(1-m)— B m]K,,

dh/dt=[e,(1-h)— g ,hlk

dn/dt=[e,(1-n)— g,nlk

dp/dt=[a,(1-p)-pB,plk

and
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0.09(V, +25)

Py =_1_ex Yot 25,
P00

k =1.8(T7293)/10

K = 3(T—293)/10

where T is the temperature in °Kelvin, which is 310 °Kelvin or 37°C in this study. The
initial values for m, h, n and p (when V,,= 0 mV) are 0.0005, 0.0268, 0.8249 and 0.0049

respectively.
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FIGURE CAPTIONS

Fig.1. Myelinated axonal model used to simulate conduction block induced by
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high-frequency biphasic electrical current. The inter-node length Ax = 100d; d is the axon
diameter. L is the nodal length. Each node is modeled by a resistance-capacitance circuit
based on the FH model. R,: inter-nodal axoplasmic resistance; R;,: nodal membrane
resistance; Cp: nodal membrane capacitance; V,,: intracellular potential at the nth node;
Ven: extracellular potential at the nth node.

Fig.2. Blocking the propagation of action potentials along a myelinated axon by
high-frequency symmetric biphasic stimulation. High-frequency (30 kHz) stimulation is
continuously delivered at the block electrode, which initiated an initial action potential in
(a) and two initial action potentials in (b). Another action potential is initiated via the test
electrode at 5 ms after starting the high-frequency stimulation, and propagates towards
both ends of the axon. The 30 kHz stimulation blocks nerve conduction at the intensity of
10 mA (a), but not at 9.9 mA (b). The short arrows mark the locations of test and block
electrodes along the axon. The white arrow indicates propagation of the action potential
to the location of the 30 kHz blocking stimulation. Axon diameter: 2 um.

Fig.3. The threshold intensity to block nerve conduction changes with the stimulation
frequency. (a). For the symmetric waveform, the block threshold monotonically increases
as the frequency increases. (b). If the positive pulse is longer (1 or 2 ps), the block
threshold peaks at 60-80 kHz and then gradually decreases as the frequency increases. (c).
If the negative pulse is longer (1 or 2 ps), the block threshold peaks at 40-70 kHz. Axon
diameter: 2 um.

Fig.4. The changes in membrane potential, ionic currents and activation/inactivation of
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ion channels near the block electrode when conduction block occurs as shown in Fig.2 (a)
during stimulation with a symmetric waveform. The legends in (e) indicate the locations
along the axon. The location at 30.0 mm is under the block electrode. (a) Change in
membrane potential, (b) Na" current, (c) K' current, (d) Na' channel activation, (e) Na"
channel inactivation, (f) K channel activation. Symmetric stimulation waveform: 30 kHz,
10 mA. Axon diameter: 2 um. Abscissa: time in ms after the start of blocking stimulation.
Fig.5. The effects of non-symmetric waveforms on membrane potential and
activation/inactivation of ion channels under the block electrode when stimulation
frequency is 30 kHz. The legends in (c) indicate the types of waveforms: symmetric and
non-symmetric with a 1 ps difference in pulse width between the positive and negative
pulses. (a) Change of membrane potential, (b) Na" channel activation, (c) Na" channel
inactivation, (d) K" channel activation. Stimulation waveforms: 30 kHz at block threshold
intensities. Axon diameter: 2 um. Abscissa: time in ms after the start of blocking
stimulation.

Fig.6. The changes in membrane potential, ionic currents and activation/inactivation of
ion channels near the block electrode when conduction block is induced by a 120 kHz
non-symmetric waveform with the positive pulse 1 ps longer than the negative pulse. The
legends in (d) indicate the locations along the axon. The location at 30.0 mm is under the
block electrode. (a) Change in membrane potential, (b) Na' current, (c) K™ current, (d)
Na“ channel activation, (e) Na' channel inactivation, (f) K~ channel activation.

Non-symmetric stimulation waveform: 120 kHz, 19.2 mA. Axon diameter: 2 um.
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Abscissa: time in ms after the start of blocking stimulation.

Fig.7. The changes in membrane potential, ionic currents and activation/inactivation of
ion channels near the block electrode when conduction block is induced by a 120 kHz
non-symmetric waveform with the negative pulse 1 us longer than the positive pulse. The
legends in (d) indicate the locations along the axon. The location at 30.0 mm is under the
block electrode. (a) Change in membrane potential, (b) Na" current, (c) K current, (d)
Na’ channel activation, (¢) Na' channel inactivation, (f) K  channel activation.
Non-symmetric stimulation waveform: 120 kHz, 8.7 mA. Axon diameter: 2 um. Abscissa:

time in ms after the start of blocking stimulation.
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Fig.1. Myelinated axonal model used to simulate conduction block induced by high-
frequency biphasic electrical current. The inter-node length Ax = 100d; d is the axon
diameter. L is the nodal length. Each node is modeled by a resistance-capacitance
circuit based on the FH model. R,: inter-nodal axoplasmic resistance; R,,: nodal
membrane resistance; C,,.: nodal membrane capacitance; V, . intracellular potential
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Fig.2. Blocking the propagation of action potentials along an myelinated axon by high-frequency symmetric
biphasic stimulation. High-frequency (30 kHz) stimulation is continuously delivered at the block electrode, which
initiated an initial action potential in (a) and two initial action potentials in (b). Another action potential is initiated
via the test electrode at 5 ms after starting the high-frequency stimulation, and propagates towards both ends of
the axon. The 30 kHz stimulation blocks nerve conduction at the intensity of 10 mA (a), but not at 9.9 mA (b).
The short arrows mark the locations of test and block electrodes along the axon. The white arrow indicates
propagation of the action potential to the location of the 30 kHz blocking stimulation. Axon diameter: 2 um.


http://www.editorialmanager.com/mbec/download.aspx?id=120469&guid=0f2e0b24-b890-41ac-92f6-95460f437956&scheme=1

Figure
Click here to download Figure: Figure3.pdf

~~
Q
~
-
N}
(=}

Symmetric Waveform

-

o

o
1

80+
60
40-

204

Block Threshold (mA)

0 T T T T T T
50 100 150 200 250 300

Frequency (kHz)

o

Positive Pulse Longer

—-A—1us
+2MS

0 T T T T T T
0 50 100 150 200 250 300

Frequency (kHz)

—~~
O
~

15
< Negative Pulse Longer
£
S 10 s
8 -2 us
%]
2
ey
F 54
X
[S]
o
m
0 T

T T T T T
0 50 100 150 200 250 300
Frequency (kHz)

Fig.3. The threshold intensity to block nerve conduction changes with the stimulation
frequency. (a). For the symmetric waveform, the block threshold monotonically increases as
the frequency increases. (b). If the positive pulse is longer (1 or 2 us), the block threshold
peaks at 60-80 kHz and then gradually decreases as the frequency increases. (c). If the
negative pulse is longer (1 or 2 us), the block threshold peaks at 40-70 kHz. Axon diameter: 2
wm.


http://www.editorialmanager.com/mbec/download.aspx?id=120470&guid=e48dca6c-a2a9-4e3a-9d4d-dfe721a644a6&scheme=1

Figure
Click here to download Figure: Figure4.pdf

T T T
7.55 7.70 7.85 8.00 8.15

Time (ms)

(a) (d)
S E
€ 1004 c
g S
< =
c 2
L 50+ S
g <
() ]
5 0
o] e
= @)
Q +
[1+]
= -50 T T T T Z
740 755 770 785 800 815 7.40
Time (ms)
(b) (e)
0 < 1.00
& I c
g -2000; 'g 0.754
Z g0
2 -4000- g
= £ 0.50-
2 -6000- 3
3 -
s, -8000 8 0251
z hy
-10000 T T T T  0.00
740 755 770 785 800 815 7.40

Time (ms)

T T
7.55 7.70 7.85 8.00 8.15
Time (ms)

N N
= o]
o o
o o
1 1

1400—!

K* Current (pAlcm?)
~
o
T

T T T T
740 7.55 7.70 7.85 8.00 8.15 7.40
Time (ms)

T T
7.55 7.70 7.85 8.00 8.15
Time (ms)

Fig.4. The changes in membrane potential, ionic currents and activation/inactivation of ion
channels near the block electrode when conduction block occurs as shown in Fig.2 (a) during
stimulation with a symmetric waveform. The legends in (e) indicate the locations along the axon.
The location at 30.0 mm is under the block electrode. (a) Change in membrane potential, (b) Na*
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Fig.6. The changes in membrane potential, ionic currents and activation/inactivation of ion

channels near the block electrode when conduction block is induced by a 120 kHz non-symmetric

waveform with the positive pulse 1 ps longer than the negative pulse. The legends in (d) indicate

the locations along the axon. The location at 30.0 mm is under the block electrode. (a) Change in

membrane potential, (b) Na* current, (¢c) K* current, (d) Na* channel activation, (e) Na* channel
inactivation, (f) K* channel activation. Non-symmetric stimulation waveform: 120 kHz, 19.2 mA.
Axon diameter: 2 um. Abscissa: time in ms after the start of blocking stimulation.
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Military Health System Research Symposium, Fort Lauderdale, Florida, 2014

Pudendal Nerve Stimulation and Block by a Wireless-Controlled Implantable
Stimulator in Cats

Guangning Yang, Jicheng Wang, Bing Shen, James R. Roppolo, William C. de Groat,
Changfeng Tai
University of Pittsburgh

Background: To determine the functionality of a wireless controlled implantable
stimulator designed for stimulation and block of the pudendal nerve.

Methods: In 5 cats under o-chloralose anesthesia, the stimulator was implanted
underneath the skin on the left side in the lower back along the sacral spine. Two
tripolar cuff electrodes were implanted bilaterally on the pudendal nerves in addition
to one bipolar cuff electrode that was implanted on the left side central to the tripolar
cuff electrode. The stimulator provided high frequency (5-20 kHz) biphasic
stimulation waveforms to the two tripolar electrodes and low frequency (1-100 Hz)
rectangular pulses to the bipolar electrode. Bladder and urethral pressures were
measured to determine the effects of pudendal nerve stimulation (PNS) or block.
Results: The maximal (70-100 cmH,0O) urethral pressure generated by 20 Hz PNS
applied via the bipolar electrode was completely eliminated by the pudendal nerve
block induced by the high frequency stimulation (6-15 kHz, 6-10 V) applied via the
two tripolar electrodes. In a partially filled bladder 20-30 Hz PNS (2-8 V, 0.2 ms) but
not 5 Hz stimulation applied via the bipolar electrode elicited a large sustained
bladder contraction (45.9+13.4 to 52.0+22 cmH,0). During cystometry, the 5 Hz PNS
significantly (P<0.05) increased bladder capacity to 176.5+27.1% of control capacity.
Conclusions: The wireless controlled implantable stimulator successfully generated
the required waveforms for stimulation and block of pudendal nerve, which will be
useful for restoring bladder functions after spinal cord injury (SCI).

FUNDING: This study is funded by DOD Spinal Cord Injury Research Program
(SCIRP) under contract number W81 XWH-11-1-0819.
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Simulation Analysis of Conduction Block in Unmyelinated Axon after
High-Frequency Electrical Stimulation

G.Yang ', J. Wang ', J. R. Roppolo %, W. C. de Groat %, C. Tai '

! Department of Urology, University of Pittsburgh, Pittsburgh, PA
? Department of Pharmacology and Chemical Biology, University of Pittsburgh, PA

Nerve conduction block induced by high frequency (>5 kHz) electrical
stimulation have many potential clinical applications. Although the original
Hodgkin-Huxley model can successfully simulate the conduction block in
unmyelinated axon during the stimulation, it failed to simulate the conduction block
during the period after the stimulation. In this study, the Hodgkin-Huxley model was
modified to include an electrogenic sodium-potassium pump and successfully
simulated the post-stimulation conduction block. Simulation analysis indicates that
high frequency electrical stimulation causes continuous sodium influx and increases
intra-axonal sodium concentration that can only recover slowly after the stimulation,
causing conduction block during the post-stimulation period. The duration of the
post-stimulation block is proportional to the duration and intensity of high frequency
electrical stimulation. Understanding the mechanisms underlying high frequency

block is important to further promote its clinical applications.

This study is funded by DOD Spinal Cord Injury Research Program (SCIRP) under
contract number W81 XWH-11-1-0819

Index Terms—Na-K pump, recovery period, sodium concentration, High-frequency.
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AN IMPLANTABLE NEUROPROSTHETIC DEVICE
TO RESTORE BLADDER FUNCTION AFTER SCI

Changfeng Tai, PhD
Assistant Professor, University of Pittsburgh

PURPOSE/AIMS: The purpose of this research is to design and develop an implantable
neuroprosthetic device to restore urinary bladder function after spinal cord injury (SCI).

DESIGN: We hypothesize that bladder function can be normalized by electrical
stimulation and/or blockade of pudendal nerves after chronic SCI using an implantable
neuroprosthetic device. Experiments were conducted in cats under both anesthetic and
awake conditions to validate our hypothesis. A small (4x5.5x1.4 cm), wireless controlled,
wireless chargeable, implantable stimulator was developed for this purpose.

POPULATION/SAMPLE STUDIED: Total 7 cats with chronic SCI were used under o.-
chloralose anesthesia in this study. One of the cats was also tested under awake condition
with the stimulator implanted chronically.

METHODS: Under anesthesia, bladder infusion and pressure measurement was
performed via a catheter inserted through the bladder dome. Voiding was induced by
slow infusion (0.5-4 ml/min) of the bladder or by electrically stimulating/blocking the
pudendal nerves. Under awake condition, bladder empting was performed either by
manual expression or by the chronically implanted pudendal nerve stimulator.

DATA ANALYSIS: Voiding efficiency (voided volume/total bladder volume) was
compared between bladder distention-induced voiding and pudendal nerve stimulation-
induced voiding under anesthesia, and between manual expression and chronically
implanted stimulator-induced voiding under awake condition.

FINDINGS: Voiding induced by bladder distention had a very low efficiency (7.31£0.9%)
in chronic SCI cats. Electrically stimulating/blocking the pudendal nerves induced
efficient (80-90%) voiding under both anesthesia and awake condition.

CONCLUSIONS/RECOMMENDATIONS: Electrically stimulating/blocking the
pudendal nerves in cats can successfully restore bladder functions after chronic SCIL.

IMPLICATIONS: This animal study indicates that an implantable stimulator might be
developed to restore bladder function after chronic SCI in human subjects by electrically
stimulating/blocking the pudendal nerves.

FROM/TO TIME PERIOD OF STUDY:: September 22, 2011 — October 21, 2014

FUNDING: This study is funded by DOD Spinal Cord Injury Research Program (SCIRP)
under contract number W81XWH-11-1-0819.



42nd Annual Meeting of Society for Neuroscience, New Orleans, 2012.

Mechanisms Underlying Non-monotonic Block of

Unmyelinated Axons by High-Frequency Biphasic Stimulation

J. Wang ', S. Zhao ', J. R. Roppolo *, W. C. de Groat *, C. Tai '

! Department of Urology, University of Pittsburgh, Pittsburgh, PA
? Department of Biomedical Engineering, Beijing Jiaotong University, P.R. China
? Department of Pharmacology and Chemical Biology, University of Pittsburgh, PA

Axonal conduction block induced by high-frequency biphasic electrical current is
investigated using a lumped circuit model of the unmyelinated axon based on
Hodgkin-Huxley equations. Axons of different diameters (1 and 2 um) can be blocked
completely when the stimulation frequency is between 5 kHz and 100 kHz. The
non-monotonic relationship between block threshold and stimulation frequency,
recently discovered in unmyelinated axons of sea-slugs and frogs, is successfully
reproduced. Our simulation reveals that complete deactivation of sodium channels by
the high-frequency blocking stimulation is the mechanism underlying the decrease in
block threshold as the frequency increases above 20 kHz. At a relatively higher
frequency (>30 kHz), the high-frequency blocking stimulation can quickly deactivate
the sodium channels at the beginning of the stimulation, thereby avoiding the
generation of initial action potentials. This simulation study further increases our
understanding of conduction block in unmyelinated axons induced by high-frequency
biphasic electrical current, and can guide future animal experiments as well as
optimize stimulation parameters that might be used for electrically induced nerve
block in clinical applications.

Key words: nerve, block, simulation, high-frequency, model.

Supported by: DOD Spinal Cord Injury Research Program (SCIRP) under contract
number W81XWH-11-1-0819.
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